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ABSTRACT 
The use of the trenchless plough drainage implement has increased in the 
past few years due to its efficiency and cost advantages over other 
methods. However, the performance of these machines when working in fields 
with irregular soil conditions is not yet satisfactory. It is important 
therefore to study the soil parameters and conditions which could affect 
the implement behaviour under these circumstances. 
Therefore, a detailed investigation of the soil reaction forces acting 
upon a scale model of the trenchless plough was conducted under 
controlled conditions in a soil laboratory. The model was tested first 
under restricted conditions of movement, in order to observe and determine 
all the possible soil reaction forces. 
The tine, due to its geometric characteristics, was classified as a very 
narrow tine, and an existing model to predict the soil reaction force 
acting on the front face of these tines was extended to predict the forces 
on the sides. Since the length of the failure plane ahead of the tine is 
often required in the investigation of the soil reaction forces, a 
mathematical solution based on the Coulomb principle of Passive Earth 
Pressure was presented to estimate the soil failure pattern. There was 
good agreement between the values of the angle of the shear plane 
predicted by this method and the experimental data obtained from the 
glass sided tank tests. 
Dynamic tests were conducted with the implement assembled with a long 
floating beam arrangement assisted by a small link (free-link), used 
between the hitch-point and the pivoted end of the beam. These tests 
revealed that, when working over irregular soil conditions a better grade 
control can be obtained if the hitch-point is kept at constant level in 
reference to a desired line. In the case where field irregularities 
persist for long (step inputs), corrections in the hitch-point height 
might be necessary. These tests show that the implement depth changes in 
different proportion in relation to the hitch-point height. Where no 
control is imposed on the hitch-point, the path of the implement is 
attenuated in relation to the hitch-point position, where better results 
are obtained for high frequency of the hitch-point. 
A mathematical solution based on these findings and on the dynamic balance 
of the forces acting on the system was presented. Since it is an 
interactive method and requires long and repetitive calculations, a 
computer programme was developed and used to predict the response of the 
implement under these uneven conditions. Good agreement between data and 
estimated values suggested that the method is acceptable. 
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A good soil physical environment is a prime requirement for a high level 
of crop production and this is synonymous with good soil structure and 
where high natural moisture levels occur, subsurface drainage is 
critical. Agricultural drainage gained a great impetus when the use of 
steam power became available for trench excavation. In the past twenty 
years a lot. of improvements have been introduced to the drainage 
enterprise. The appearance of corrugated plastic pipes in the middle 
sixties and the application of laser beam grade control systems had a 
considerable influence on the development of high-power, high-speed 
trenching and trenchless ploughs. However, these machines are still not 
free from performance difficulties, which usually arise from inadequate 
knowledge of the dynamic behaviour of the implement, which is affected 
by the design and operational characteristics of the machine and by the 
condition of the soil. 
1.2 The Implement 
The machinery used to perform or to assist subsurface drainage includes 
the following: 
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i) mole-plough drainers 
ii) trenching machines to assist tile-laying or pipe laying 
iii) trenchless pipe-laying machines 
The mole-plough technique which consists in producing a stable channel 
at depth in the soil, on a desired grade, is most satisfactorily applied 
on clay soil. The method is more successful when used as a secondary 
drainage in conjunction with the main pipe drains laid below the working 
depth of the mole-plough, providing an economic and satisfactory way of 
draining heavy land. The implement, a cylindrical foot attached to a 
vertical leg, is usually followed by an expander of great diameter 
(attached to it to enlarge the cavity and smooth the walls). It is 
generally fixed to a long beam which could be either sliding along the 
surface or in a floating position above the soil. The most important 
disadvantage of the method is the fact that the tunnels are liable to 
collapse particularly in a less stable soil and when there has been 
water logging. 
The trenching machines are designed for excavating narrow trenches with 
parallel walls, up to 20 cm wide and at a depth of 1.4-1.8 m, using a 
bucket-wheel or a cutting chain. After placing the drain pipe into the 
open trench the ditch is refilled with gravel and soil. Depending on the 
available power and the soil conditions, these machines can work at a 
rate of 50-400 m/h. The disadvantages of the method are the high soil 
disturbance which induces a low rate of work and the increase in the 
cost of drainage. 
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In the trenchless drainage technique the pipe is fed into the ground in 
soil disturbed but not excavated by a special blade designed to lift 
and split the soil as it moves forwards. The equipment is generally 
heavier and more powerful than the trencher, and permits pipe-laying at 
a rate of 200-3,000 m/h, at depths of 1.4-1.7 m. The method can 
frequently offer significant cost advantages over the other techniques, 
specially because it reduces the consumption of expensive gravel 
backfill. Its use has largely increased in the past few years bringing 
up the necessity of a better understanding of its characteristics and 
performance. 
1.3 The Plough-beam Arrangement 
A uniform gradient for subsurface drainage is essential for the 
efficiency of the drainage implements. The control of the grade line 
established by the drainage machine, called grade control, varies 
according to the. different types of plough-beam arrangement. 
Childs (1942) suggested that improvements in the grade control could be 
obtained if the implement was operated with its beam floating. The 
floating beam, which is not sliding along the soil surface, is a 
physical or an imaginary beam depending upon the plough design. As the 
plough is pulled through the soil the forces acting on the blade and 
gravitational forces are' in balance with the tractor resultant force. 
Godwin et al (1981), investigating the force mechanisms of the mole- 
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plough, reported that draught forces of a long sliding beam plough could 
be up to 85% greater than those of the plough with its beam clear of the 
surface. 
There are several types of trenchless ploughs that utilize the floating 
beam principle, basically they can be categorized in relation to the 
type of link and hitch point location (Reeve, 1978), as: 
i. Real hitch-point 
a) fixed 
b) moveable 
ii. Virtual hitch-point 
a) double roller 
b) double link system 
The fixed hitch-point plough utilizes a shorter beam than the other 
ploughs usually pivoted at the rear of the crawler track, Fig. 1.1a. The 
attitude control in these machines is achieved by tilting the plough 
blade about its heel where the hitch-point remains fixed, and the beam 
is in a free floating condition. In the movable real hitch-point plough, 
grade control is achieved by raising or lowering the hitch-point, which 
is a pivoted connection, with the hydraulic system, Fig. 1.1b. 
In the virtual hitch-point arrangement the actual beam is replaced by a 
system of converging linkages, which still use the same principle of the 
long floating beam with a large distance between the hitch point, 
usually located at the front of the tractor, and the implement. Ede 
-5- 








FIG. 1.2 Trenchless drainage implement with a virtual hitch-point 
a) double roller 
b) parallel converging linkage 
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(1961) developed the concept of a roller type floating plough where the 
implement and tractor are connected through a pair of rollers which run 
on a curved vertical track mounted at the rear of the tractor, Fig. 
1.2a. The double link system utilizes two non-parallel links that 
provide depth control combined with free floating action, where the rear 
link simulates plough rotation about the virtual hitch point, Fig. 1.2b. 
1.4 Grade Control 
Grade control on drainage machines is essential for quality work. In the 
past, the grade of the implement was controlled manually through the 
hydraulic system by sighting to target rods, placed traditionally by 
levelling of height piles. This method was acceptable for the standards 
of the time. With the increasing demand for improvement in this sector, 
a better system had to be designed. 
Ede (1965) developed a semi-automatic optical radio control system. The 
observer, stationary behind the drainage machine, could sight on a 
marker fixed to the plough blade and maintain it on the sight line 
directly by controlling the tractor hydraulic system. Delayed reaction 
of the observer and limited effective range were the major problems. 
Fouss et al (1964) developed an "A" frame, based on a fluid damped 
pendulum device for automatic control of the trench machine and a 
floating beam type mole plough. The system worked well in slow motion, 
but was inadequate for high speed, and its tendency to make accumulative 
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errors was the main limitation. 
In the middle sixties, laser beam light began to be used as. a grade 
control for the drainage machine. The system consists of a low-power 
laser beam projector to emit the light line datum, and a machine-mounted 
electronic receiver which adjusts the elevation of the plough through 
the hydraulic system. The drain gradient was obtained by tilting the 
laser plan to the desired grade of slope. At present, the majority of 
drainage contractors utilize this grade control technique, Fig. 1.3. 
1.5 Quality Survey 
The efficiency of field drainage demands particularly careful work. It 
has been found that several parameters affect the quality of work among 
which, those relative to soil and machines appeared to be the most 
important ones. 
It is clear that a negative slope could lead to stagnation of water at 
the end of the drainage period. In addition, the slope change lowers the 
mean- water velocity and provides sedimentation of solids transported. 
Another common problem is laying error which is caused by an increase or 
decrease of drain slope. 
Cros et al (1978) reported a survey conducted in France where they 
concluded that the drain laying quality is not mainly influenced by the 
type of machine and control system, but by the physical soil conditions, 
-9- 
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FIG. 1.3 Laser beam grade contol 
a) transmitter 
b) the trencher implement with a laser receiver 
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such as slope and topography. These problems are normally caused by 
the pitching action of the tractor over uneven ground where the delayed 
activity of the control system to respond to some changes causes a 
considerable loss in time and of the desired standards. 
1.6 Objectives 
A possible solution to-these problems could probably be found if better 
scientific knowledge about the soil condition effects on the drainage 
implement performance was acquired. 
Therefore the main objectives of this study are: 
i) Study of the magnitude and direction of the resultant soil 
forces acting upon the drainage implement in the dynamic 
situation, considering different soil profile conditions and 
hitch-point trajectories. 
ii) Attempt to present a mathematical solution to predict the 
implement behaviour which does not need the introduction of 
empirical coefficients to explain the system, and could be valid 
for the most adverse conditions. The equation should be based 
on results obtained in the first objective and the existing 






The majority of previous research projects on drainage implements 
performance have concentrated on flat surface conditions. Although some 
studies have been conducted, very little information has been given 
about the effect of irregularities on the surface profile or soil 
conditions on the implement. However, only the grade control was 
observed and studied, no one had measured the forces acting on the 
implement under these circumstances. Where force measurements were 
necessary, they were introduced as a package without reference to the 
soil conditions, moisture content, texture and topography, factors which 
may affect the dynamic behaviour of the plough. 
2.2 Drainage Implements 
One of the first investigations on drainage implements was a study of 
the nature of the forces acting on the mole plough by Childs (1942). 
Working with a 1/24 scale model, he estimated the forces acting on the 
implement based on the assumption that 'the condition for a static 
equilibrium is that the algebraic sum of forces and moments about any 
point should be separately zero. Using empirical relations to solve the 
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equations, he related the results with a full scale model. Childs also 
compared the behaviour of the long floating beam and the sliding beam 
over some soil irregularities and. based on his analysis of forces and 
moments, gave the following explanation for the dynamic behaviour of the 
floating beam. When the mole plough passes through small soil 
irregularities in comparison with the length of the beam, the difference 
in the soil reaction will cause an imbalance in the moment, therefore, 
the tendency will be for the implement to raise or penetrate to 
compensate for it. However, the slight movement of the foot will 
immediately increase the moment in the other direction. The moments are 
therefore brought into equilibrium again, without significant movement 
of the cartridge from its path. 
Later Wells (1951) investigated the forces distribution on the 
mole-plough. Using the theory commonly applied to determine the bearing 
strength of building fundations, together with laws of friction, he 
developed a simple equation to-predict the draught force. From that he 
concluded that the friction must account for a very high proportion of 
the total draught. The average draught force distribution will be 
approximately 48% in the leg, 24% In the foot and 28% underside of the 
beam where the vertical force is 24% of the total draught. 
He also suggested that the mole plough penetration obeys a first order 
differential equation of which the solution is: 
y=D (1 - ex/1) ... (1) 
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Where 1 is the beam length, D is the depth of the mole and y is 
the depth of the mole in the soil after a travel distance x. From his 
experimental work he noticed that the mole reached its working depth 
more quickly than was predicted by equation (1). ' 
After analysing the performance of the mole-plough, Ede (1961) conducted 
some experiments with the floating beam and described the experimental 
aspects of the depth controlling qualities. He explored the 
possibilities of obtaining depth regulation by variation of the height 
of the point of draught. Ede found that the grade control of the 
implement could be satisfactorily activated by maintaining the correct 
level of the pivot point. The author then tested two scale models in a 
soil bin, the models having the long beam holding the tine replaced by 
an imaginary beam comprising the radius from the blade to an 
instantaneous center of rotation of this mounting. These tests led to a 
design in full scale of a "role track mole-plough" to be mounted on the 
tractors. 
A deeper dynamic analysis of the mole-plough was carried out by Fouss 
(1971). Assuming that the forces are a function of the moling depth 
(Rh = Kdp), he developed the'following equation of linear second order 
system to simulate the dynamic response of the floating beam mole- 
plough. 
d+c b2) d+ (b K (r do + hs - n) (do)p-1) d=0... (2) 
JH JH 
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Where: d= moling depth; do = specific steady state moling depth; 
d= velocity of change in moling depth; d= acceleration of change 
in moling depth; b= effective beam length; c= damping coefficient 
for the mole plough; JH = moment of inertia about hitch point; K= 
coefficient of soil resistance; hs = any given steady-state hitch 
height; n= distance below the plough hitch; H where the soil 
resistance force acts on the blade; p= exponent coefficient in 
draught equation. 
The solution of this equation is similar to the one for damped system, 
where he estimated the plough damping to be five times the critical 
damping coefficient Cc. From the experimental work he estimated the 
unkown variables, and used them in a simulation study on an analogue 
computer obtaining very satisfactory results. Fouss then developed a 
mathematical model for a "Laserplane" grade control system mounted on a 
drainage plough which incorporated the first model. 
Later Fouss (1978), using this simulation technique, studied the best 
position of receiver along the beam. The origin of this study came from 
the fact that he observed changes in soil consistency within the path of 
the plough caused by a change in forces which may affect the working 
depth without affecting the hitch point height. 
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2.3 Soil Mechanics Theory 
The determination of the cutting forces in the process of cutting soil 
is a complex task. However, much work has been conducted and the 
relationship between the soil mechanical properties and the performance 
of cultivation implements are reasonably well understood as is explained 
by the following. 
Kostritsyn (1956) was one of the first to suggest that below a certain 
depth, soil movement changes from predominantly forward and upward form, 
to a mainly forward and sideways forms. He also proposed some 
mathematical equations for calculating the draught force of narrow tines 
in cohesive soil, where the constants were determined based on empirical 
relations. 
Based on a series of experiments with vertical tines, both narrow and 
wide, Payne (1956) studying the influence in the soil behaviour, 
suggested a hypothesis to explain the soil resistance, using existing 
soil mechanics theories developed for retaining walls. After a series 
of practical experiments were conducted to test his hypothesis, he 
found that the model was only valid for tines sufficiently wide to 
bring the soil into plastic equilibrium, therefore it was invalid for 
very narrow tines which do not press the soil sufficiently to bring it 
to this state. Later, this work was extended (Payne and Tanner, 1959) 
for tines with different rake angles. They reported experimental results 
which showed that the draught force is relatively insensitive to 
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changes in a rake angle between 20° and 500, increasing very rapidly 
thereafter. They also found that at less than 45°, the soil resultant 
force acts downwards assisting penetration, but at greater angles acts 
in the opposite direction. Dranfield et al (1964) confirmed these 
findings when they examined the effect of tine rake angles on the soil 
rection. 
O'Callaghan and Farrelly (1964) proposed a mechanism of soil cleavage by 
tined implements. They confirmed the existence of two regimes of soil 
failure (Kostritsyn 1956), and found that the region of transition 
occurs at an aspect ratio of 0.6 for vertical tines. They suggested a 
mathematical equation to predict the draught force which considers these 
two different zones. Through a series of experiments they confirmed that 
the equation can be applied over a wide range of soil conditions. This 
work was later extended (O'Callaghan and McCullen, 1965) to include both 
plane and wedge-shaped tines with rake angles varying from 0-0 0 45. 
The complexity of the available methods to calculate soil forces, where 
solutions cannot be obtained without recourse to laborious graphical 
methods or use of a digital computer, led Hettiaratchi et al (1966) to 
propose a method for two dimensional soil failure based on the General 
Soil Mechanics Equation postulated by Reece (1965) 
P= (' d2 Ni +cd Nc + ca d Na +qd Nq) ... 
(3) 
where the "N-factors" are dimensionless constants affected by soil 
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cohesion, adhesion and tine rake angle. Later Hettiaratchi and Reece 
(1967) extended the work for a three-dimensional analysis, narrow tines, 
where a semi-empirical solution is given. The model is based on the two 
failure regimes found for tines working below a certain depth, called 
critical depth. The first zone is called forward failure regime, where 
the forces can be calculated from the equation used for two dimensional- 
failure in front of the wide cutting blades. For the other zone, the 
sideways failure, one equation similar to that presented by O'Callaghan 
and Farrely (1964) was derived. A simple equation to predict the main 
rupture ratio has also been derived, where he showed that both forward 
and sideways rupture distance ratios area linear function of depth. The 
results presented from experimental work done with tines at several 
depths up to an aspect ratio 6, and for different rake angles, showed 
that a reasonable prediction of the forces can be made. 
Studying the soil failure caused by very narrow tines for different tine 
widths and rake angles, Godwin and Spoor (1977) confirmed the existence 
of two failure zones for tines working below certain depths, and going 
beyond this they found that the critical depth is dependent upon the 
aspect ratio and the tine rake angle. They also showed that the ratio 
between the forward rupture distance and the critical depth (rupture 
distance ratio) is constant for a given rake angle, i. e. independent of 
the aspect ratio. Assuming that the soil worked by the tines obeys the 
Mohr-Coulomb failure criterion, and using the knowledge obtained from 
the experimental work, the authors then proposed equations to calculate 
the forces acting on these tines. For the upper failure zone (crescent 
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zone), based on the solution proposed by Hettiaratchi and et al 
(1966,1974), to estimate the passive force, they derived two equations 
to calculate the horizontal and vertical forces, acting on the tine 
face. For the zone below the critical depth (lateral failure), 
considered to fail in two dimensional ways which is independent of the 
rake angle, the total force acting on the tine face in this zone was 
calculated by the integration of Meyerhof's (1951) solution for deep 
narrow footing orientated through 900. The total horizontal force 
component of the soil reaction will then be the sum of the forces acting 
in these two zones. The comparison between the predicted and measured 
forces from a range of 900 rake angle tines are presented, and seem to 
be in good agreement. Godwin and Spoor (1977) also presented a model to 
estimate the position of the critical depth based on the assumption that 
the soil ahead of the tine fails in such a way that the horizontal force 
will be minimum. This model had not been sufficiently developed for 
precise prediction of the critical depth of tines with rake angles 
different from 90°, although the critical depth could be estimated from 
experimental data provided. 
Later Godwin et al '(1984) extended the model to improve the estimation 
of the disturbed zone in the crescent failure with better results for 
the horizontal force. Although the model could be expanded for the 
vertical force no results were presented. 
McKyes and Ali (1977), assuming that the surface side failure crescent 
is circular instead of elliptical, proposed a theoretical model to 
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predict the forces in the crescent failure zone. The model is based on 
the principle that the soil fails on the path of least resistance. They 
divided the crescent failure zone into two sections and did a force 
balance for each section deriving an expression with the same form as 
proposed by Reece (1965), where the N values are functions of the tine 
and soil characteristics. 
Spoor and Fry (1983) showed that the type of disturbance produced by 
a trenchless tine is dependent upon whether it is working above or 
below critical depth. Below critical depth, significant lateral soil 
disturbance can occur beyond the failure plane, which could result in 
compaction and consequently poor drainage performance. The design 
geometry of the trenchless drainage tines used in practice varies, but 
they usually have an aspect ratio (working depth/tine width ratio) from 
about 6-18, and a rake angle between 150 and 500, and can be classified 
as a narrow tine, (Godwin and Spoor, 1977; Spoor and Fry, 1983). 
2.4 The Dynamics of Soil Engaged Implements 
The relation between tractor, implement and soil is an important aspect 
often forgotten when drainage implements are studied. Research conducted 
in order to investigate the dynamics of the tractor and implement, and 
some of the relevant aspects available in the literature, are summarized 
below. 
Childs (1942) investigated the condition of equilibrium of the mole 
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plough. Assuming the system similar to a rigid body under the external 
system of forces, __ where 
the condition of equilibrium is that 
the algebraic sums of the horizontal force, the vertical force and the 
moments about any point shall be separately zero. When the equilibrium 
condition is not satisfied, the implement is lifted from its equilibrium 
position. 
Generally speaking, researchers divide the implement dynamic behaviour 
into two categories: 
i) the vertical longitudinal plane, where they are concerned about how 
the rate of penetration and the depth of penetration are affected by 
the linkage mechanism. 
ii) lateral dynamic of the implement, where they are concerned about the 
lateral stability of the implement. 
Reece et al (1966) carried out an analysis considering the simplest kind 
of soil engaging implement, a point fixed to a 'bar pivoted at the hitch 
point. Assuming a linear relation between the restoring torque and the 
angular deflection in which the implement is moving, they developed a 
second order differential equation with constant coefficients 
e+2710+wn2=o 
... (4) 
which has the same form of the equation representing a damped harmonic 
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motion. In practice, the damping coefficient is large and the equation 
becomes a first order one. The solution for the initial conditions 6=60 
at t=0 is a first order system 
0= 9o e -s/1 ... (5) 
where s= the travelled distance. 
1= the length of the beam. 
They also mentioned that although the damping is mathematically 
equivalent to viscous damping, it is physically different. This work was 
later extended by Cowell and Makanjuola (1966) for a three point linkage 
system. 
Crolla and Pearson (1975) studied the penetration of mouldboard 
ploughs, and showed results of tests performed on a three furrow 
mouldboard plough which indicated that the initial rate of entry 
increases with the forward angle of inclination of the plough. 
Cowell and Sial (1976) presented a theory to explain the vertical 
dynamic behaviour of the mouldboard plough, based on the works mentioned 
above, where a first order differential equation is derived to describe 
the movement of a single point implement during penetration. In this 
analysis they considered only the kinematics of the implement and no 
mention was made about the soil parameters and forces involved in the 
process. 
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Considering the results presented by Cowell, Singh (1982) decided to 
conduct his experiment using the same approach for the trenchless 
drainage plough moving in a vertical plane. From the analysis of the 
forces involved in the dynamic movement of the implement, he derived a 
second order differential equation to predict the travel distance and 
the time response of the implement due to vertical displacement of the 
hitch point. This equation is a function of the plough mass, geometry, 
speed and soil resistance, and is similar to the response of a compound 
pendulum oscillating in a vertical plane, where the damping coefficient 
is very large. The solution for this equation could be presented in the 
following form: 
0= Go e-wn2t/2u ... (6) 
where 0 is the angular displacement of the implement, Oo is the initial 
angular displacement of the implement and t is the time. Using a 1/6 
scale-model of the trenchless drainage machine, he tested the theory in 
a soil tank, and found a gobd relation between the predicted and 
experimental values for a tine with a relieved bottom. He reported that 
the predicted time response for an implement with a relieved bottom to 
achieve its equilibrium position during penetration, and for both 
relieved and non relieved bottom tines to correct reduction in depth was 
in excess when compared with the experimental. data. This discrepancy was 
shown to be due to generation of unbalanced stress condition on the 
supporting soil mass. He also found that the relation between the soil 
resistance force and the unbalanced force for a small angular deflection 
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is linear. 
2.5 Similitude Studies 
Developments of aerodynamics and hydrodynamics have been largely 
benefited from the use of scale-models, where models are used not only 
to provide information about certain aspects, but also to support the 
evolution of the theory. 
Recently many studies have been conducted to develop techniques for the 
use of the principle of similitudes in soil engaging implements. Freitag 
et al (1970) pointed out the difficulties and limitations of using a 
scale-model for soil machine studies, usually, because there are 
elements, particularly of the test medium, that cannot be scaled. Two 
systems will exhibit similar behaviour if geometric, kinematic, and 
dynamic similarity are activated. 
Young (1968) discussed the techniques and problems associated with the 
development of modelling laws for systems in which there is a dynamic 
interaction between soil and machines. He stated that reliable data can 
be obtained a from small scale-model system and useful quantitative 
prediction of prototype behaviour can be made, but some or perhaps the 
majority of the models are distorted. 
To overcome this problem, Schafer et al (1969) presented an approach to 
solve the distorted model. After the analysis and interpretation of the 
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distortion in a general soil-mechanic system, they devised a technique 
for using distorted models. The prediction factor obtained was related 
to length scale in the form 
d=n, ... (7) 
where ß is the prediction factor 
is the length scale n. 
s is a function of soil and machine 
Based on this model Verna and Schafer (1969) exteded the model for a 
situation where there is no need to have a uniform soil condition 
through the test section. The extended model includes a new term t 
on the equation (7) exponent, (s-t), where t is a multiplicity exponent, 
relating to Pi terms containing dimensional soil variables and tool 
geometric and operational variables. Results of their tests indicated 
that the term (s-t) remains constant irrespective of the soil type, soil 
strength profile and moisture content. This statement was not in 
agreement with the results found by the same authors in 1968, where s 
was found to be independent of the apex angle of a triangular chisel 
tine, but varies in different soil treatments. 
Godwin (1974) compared his experimental results obtained from tests with 
narrow tines, to see if they were in agreement with the procedures for 
handling distortion suggested by Schafer et al (1969). From the 
analysis, he found that the exponent s on equation (7) was constant for 
the range of tine geometry studied in a particular soil treatment. He 
concluded that if s is only a function of soil type and condition and 
- 25 - 
independent of tine geometry, it will be possible to estimate the 
performance of a large tine scale based only on tests with scale-models. 
2.6 Conclusion 
The theory developed to explain the dynamic behaviour of soil engaged 
implements seems to introduce the soil dependent constant as empirical 
values, which usually are only suitable for the specific case studied. 
No mention is made of the use of soil mechanics theory to estimate the 
forces involved in the process. The trenchless drainage plough due to 
its dimensions and normal working conditions, can be classified as a 
very narrow tine, for which the soil mechanics theory is well explained, 
as mentioned previously. If it is possible to establish a link between 
these theoretical approaches an advance in soil-implement-tractor 
dynamics in general, and trenchless drainage machine design in 
particular, can be reached. 
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CHAPTER 3 
METHOD of INVESTIGATION and EXPERIMENTAL EQUIPMENT 
3.1 Plan of Investigation 
To fulfil the objectives of this project, i. e. to understand the nature, 
magnitude, and effect of the physical parameters . involved 
in a 
trenchless drainage machine operation, it is necessary to monitor the 
behaviour of the implement. However, due to its dimensions and 
characteristics, the measurement of the forces involved as well as the 
linear and angular displacement, involves some difficult tasks in field 
experiment, requiring considerable technician assistance and the use of 
large sophisticated equipment which is unavailable and would be 
expensive to construct for a project of this nature. 
Scale model tests represent one method by which this problem could be 
overcome and the study of various elements of the system can be 
fulfilled. It enables a easy control over the implement and 
instrumentation, and observation of the model behaviour can be used to 
predict accurately the performance of the physical system. in the desired 
respect. To make use of the model in this sense, it is necessary that a 
certain relationship is satisfied between the model and the full size 
implement. 
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Usually there are two ways of interpreting scale model studies, by 
similitude principles or by quantitative analysis. The first method 
consists in the development of valid similitude requirements using 
modeling laws, either by dimensional analysis or by the analysis of the 
characteristic, equation which governs the system. However, this method 
requires the use of corrective procedures to determine the effect of 
non-scale elements and to compensate for them. Schafer (1969) has 
developed a method for handling distortion in such a system, where the 
prediction factor obtained is a function of length scale, as mentioned 
in section 2.5, and Godwin (1974) has proved that this distortion factor 
can be considered as a constant for a given soil condition. The second 
method consists in the use of fundamental soil physics equations which 
are valid for a wide range of tines, but are not restricted to the 
problems of similitude prediction by requiring tests at different scales 
in order to determine the distortion factor. 
In order to evaluate these methods when working with soil engaging 
tools, the forces of a very narrow tine were calculated by both methods 
and are compared in Table 3.1. The results shown in this table have 
proved that it is possible to estimate the soil reaction forces acting 
on the narrow tine either by using the similitude principle or by direct 
applications of the fundamental theory of narrow tines with very close 
results. Taking this into consideration the "trenchless model in this 
project was studied with no concern about the similitude requirements, 
having only been reduced geometrically. 
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TABLE 3.1 









Theoretical value (full scale) 
applying the dist. factor 
H/wd (N/mm2) error % 
col. (2x3) comparing to tine 
scale 1 
1 1.00 0.60 0.60 -- 
2 1.15 0.54 0.62 3.0 
4 1.32 0.45 0.59 -1.6 
8 1.52 0.40 0.61 1.6 
Predicted val ue for a full scale tine applying the theory of narrow tines 
H/wd (N/mm2) = 0.59 
Experimental data from Godwin (1974). 
s=0.20 (from experimental values, 
Aspect ratio (d/w) =8 
Tine caracteristics - rake angle = 
smallest tin 
Soil properties 0= 34° N 
c=4.8 KN Nc 




e width = 6.35 mm 
= 4.4 m=1.65 
= 7.5 Nc' = 200 
=0 Nq' = 165 
= 1500 Kq /m3 
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Nevertheless, the design conditions involving soil properties could 
present problems. Clearly the best way to overcome these difficulties of 
scaling, producing and measuring soil properties would be to conduct all 
the tests in the same soil conditions, as suggested by Godwin (1974). 
Soil types and conditions often vary considerably within a single field. 
Even if the soils are of the same type, their strength properties are 
not likely to be the same at any given time. The solution for this 
question would then be to conduct this investigation in a laboratory 
soil bin, where soil properties are within the control of the experiment 
to a much greater degree with standardized treatment to enable an 
extensive number of tests to be conducted in a homogeneous media. 
The use of a soil bin represents further benefits. It permits a better 
control over the implement behaviour, and most of the instruments 
necessary to monitor it are available or could be easily developed. 
Tests can. be conducted independent of weather conditions and only 
require two men for operation. The soil surface profile can be measured 
without trouble, and what is more significant is that it can be easily 
prepared to suit the experiment requirements. 
Soil conditions and topography are some of the key factors which 
affect the implement performance. The irregular soil profile usually 
causes a pitching action of the crawler tractor and/or an undesired 
reaction of the implement. Fouss (1971) showed that changes in the hitch 
height causes changes in the plough depth in different proportions. To 
evaluate the influence of the soil condition and topography, it is 
- 30 - 
then necessary to simulate a variable soil profile and movement of the 
hitch-point in the soil bin. 
The simplest way to introduce such variation is to have step inputs in 
the soil surface, where differences in depth during the continuous 
movement of the implement show the effect of soil forces on the 
implement behaviour. In addition, a more realistic type of soil surface 
profile, i. e. a continuous change in depth, in the form of a sine wave, 
was used. This has the advantage of a relatively easy mathematical 
representation and is an adaptation of the commonly found field 
undulation. 
However, before testing the implement in a dynamic situation, like the 
one suggested in the previous paragraph, it would be logical to test the 
implement in a restricted motion condition. The idea of these tests was 
to compare the results obtained from them with the ones predicted using 
the theory of the narrow tines. These kinds of tests permit the 
evaluation. of the possible soil forces involved in the tine reaction 
and in which range they are presented. This could provide valuable 
information later in the dynamic analysis. 
In the study of the dynamic behaviour of the implement, it is compulsory 
not to evaluate only the effect of soil surface, but also other factors 
which could influence its behaviour and performance, or could even only 
help in the process of analysis. Such factors as system weight and soil 
density should then be investigated. 
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The work conducted in the past, and explained in the literature review, 
discloses very little information about the measurement of the soil 
force acting on an implement or its behaviour when working in a dynamic 
situation. Therefore, it was necessary to conduct some pilot studies 
which clarified some information about the trenchless plough and helped 
in the establishment of a link between the known theories and in the 
development of the theoretical study of this project. 
P 
3.2 Experimental Equipment 
3.2.1 Introduction 
The equipment necessary to carry out the experimental part of this 
project was partly available in the soil physics laboratory. This 
consists of commercially available instrumentation (to measure force and 
displacement and to record data) and specific equipment designed in the 
College for exclusive use in soil implement investigations. This 
equipment developed by other researchers and used in this experiment, 
e. g. the soil bin, the soil processor and the extended octagonal ring 
transducer, whose characteristics are fully presented in the cited 
literature, is only briefly described in this chapter. 
However, some of the equipment used had to be designed specially for 
this project. The description of this equipment, as well as the way in 
which it was used is presented as follows. 
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3.2.2 The general dynamic assembly description 
To achieve the objectives of this project there is no need, as explained 
earlier, to differentiate between the real and the virtual hitch point. 
So, a real hitch point arrangement with a long floating beam was used in 
the system mainly because it is simple to engineer. 
Figs. 3. la and 3.1b show the arrangement of the assembled system. The 
trenchless plough implement (1) was rigidly mounted to a long floating 
beam, 670 mm long (2). To measure the forces and moment acting on the 
implement, an extended octagonal ring transducer (3) was mounted at one 
end of the beam close to the trenchless tine. To measure the soil 
reaction forces on the bottom of the implement a "L-shaped" cantilever 
beam (4) was machined inside the tine. The system was connected to the 
carriage through a small link called a "free-link" (5), which was 
replaced later by a tension transducer, allowing the measurement of the 
total force required to pull the plough. The angular displacement of the 
tine and the "free-link" was recorded using an angular displacement 
transducer (7), and a linear displacement transducer was used to measure 
the vertical movement of the tine and the hitch-point, when this was the 
case (8). 
The minimum scale rate which allows the use of the existing soil bin 
with a variable soil profile and at reasonable implement depth was 1/6. 
Therefore, the dimensions of the model were chosen in order to maintain 
the model as closely as possible to a common shape of the trenchless 







U 'O Z] 
O vi «o 
L Z3 CN 
Q) tN r0 C 
UCL rt7 
CUC i-3 
v S-10Ö E 
+. 1 v) ---1-3 a) E cNcuN 
CM (o r- ""4 (o U 
-C CLdO ý+ R7 a LZ. + L'-tNa o L t".. vt 
a cýo(0>c+ý v 0) al c a) "", "", L N E La O "--ý "-+ t fO 5- C». -4 t- (U Q) Ql c0 +-) Ql -ZN 
"-+ (M. C 4-3 C 41 «3 CX) C 
EOOb s- d! C "r. U U -- - 










































- 35 - 
plough in full scale, and permit some instrumentation inside the leg. 
The soil engaging implement was at 450 rake angle tine 10 mm wide and 
with a flat bottom 300 mm long. Holes in the tine leg permitted an 
adjustment of the position where the octagonal ring transducer was 
fixed.. The whole system weighs 236 N. 
3.2.3 The restricted motion assembly 
In the special case when the implement was studied in a restricted 
motion condition, the general assembly was modified to fulfil the 
requirements. The tine was rigidly mounted in the soil bin tool bar, 
with the extended octagonal ring transducer (Fig. 3.2), and all the 
other parts removed. A series of holes in the clamp, used between the 
tine and the octagonal ring, permitted the setting of the tine 
inclination, in relation to the vertical, on a desired position for the 
run without affecting the position of the transducer. 
t 
3.2.4 Hitch-point movement 
A system was designed to introduce the step-input displacement in the 
hitch point as it travels forwards. It consists of a four arm linkage 
system, driven by hand (Fig. 3.3). The hitch-point (1) is connected to 
the lower arm (2) which has a vertical displacement when the upper arm 
(3) rotates about the point '0' Due to its construction the maximum 
displacement of the hitch-point is obtained by a rotation of 60-400, 
dependent upon the step height, of the upper arm. That gives a very fast 
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FIG. 3.2 Implement restricted motion assembly 
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change in the hitch-point position, which was considered almost 
instantaneous. In order to adjust the height of the step the upper arm 
has a variable length. 
To simulate the sine wave displacement a constant diameter cam was 
designed (Fig. 3.4). This consisted of a circular plate with the 
camshaft hole eccentrically located. The amount of eccentricity 
determines the amount of displacement of the follower, which has a 
positive action, and a harmonic motion is produced. This type of 
arrangement, Scotch Yoke mechanism (1), which is shown in Fig. 3.5, was 
driven by a capstan (2) connected to a cable (3) fixed along the side of 
the bin. The reason for this kind of power transmission to the Scoth 
Yoke mechanism was to maintain the position of the hitch-point as close 
as possible to a perfect sinusoidal form, without being affected by the 
velocity of displacement of the carriage. Due to the low torque required 
at the capstan, it was observed that the error caused by any slip of 
the cable was less than 1%. Different diameters of the capstan 
permitted the simulation different wavelengths. 
3.3 Soil and Soil Preparation 
The soil used in the experiment was a sandy-loam which characteristics 
are shown in Table 3.2 (Godwin 1974). 
All the tests were conducted with the soil prepared with a bulk density 
of 1500 kg/m3 and 10.5% f1% of moisture content, unless otherwise 
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FIG. 3.3 Mechanism used to simulate a step-input in the hitch-point 





FIG. 3.4 Scotch Yoke mechanism used to simulate the sinusoidal 
movement of the hitch-point 
I follower 
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TABLE 3.2 
Mechanical analysis by 'Bouyoucous Method' 










Mechanical properties relating to operation of tillage tools 
Soil bulk density Kg/m3 
Mechanical properties 1200 1500 1680 
Angle of shearing 37.2 37.6 42.37 
resistance, Deg. 
Cohesion, KN/m2. 0.0 4.616 7.56 
Adhesion 0.0 0.0 0.0 
Angle of soil-metal - 22 - 
friction, Deg. 
(Godwin, 1974) 
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stated. Using the soil processor existent in the soil bin 
(Godwin, Spoor and Kilgour 1980), the soil, usually packed up to 250 mm 
depth, was prepared in layers of 50 mm and then compacted using a 
pavement roller in order to get a uniform density. The surface of each 
layer was scarified to obtain a bond with the next layer. When not in 
use, the soil was covered with a polythene sheet to reduce evaporation. 
Water loss was replaced by controlled hand digging with water being 
applied from knapsack spray giving a firm and relatively even 
application. 
To prepare the soil surface profile with a step input, the soil was 
prepared in the same way as described above up to the third layer, then 
a large board with the desired thickness and length was used as a form 
to fill in the gap between the layers in part of the soil bin . After 
loading the soil and compacting it to the board thickness, the latter 
was removed, Fig. 3.6. 
The sine wave soil profile was prepared using the mechanism described 
above to simulate the hitch-point sine wave movement. The soil was 
prepared as usual up to the desired level, and then loosened using a 
rake fixed to the Scotch Yoke mechanism. Finally, a scraper fixed to 
the same device, removed the unnecessary soil, and if needed a small 
roller was used to compact the soil. The result was a smooth sine wave 
soil profile, Fig. 3.7. 





FIG. 3.6 Soil prepared with a step input 
ýý 
FIG. 3.7 Soil prepared with a sine wave profile 
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3.4 Instrumentation 
The equipment to measure forces and displacement was arranged to give 
the maximum information possible during the test, and was used as 
described below. 
A tension compression strain gauge transducer load cell with ball joints 
in both ends, replacing the "free-link", was used to measure the total 
force required to pull the implement through the soil. 
To measure the total. forces acting on the implement, independent of the 
system weight, an extended octagonal ring transducer (Godwin, 1975) was 
mounted between the leg and the beam. Due to its construction, the 
octagonal ring measures the horizontal and vertical forces component of 
the resultant force and the moment about the geometric centre of the 
transducer. 
To verify the influence of the supporting forces underneath the 
implement, a special measuring device had to be designed. In a 
cantilever beam machined inside the tine, Fig. 3.8, strain gauges were 
bonded and connected into three four arm bridge networks, as shown in 
Fig. 3.9, to measure the differences in strain caused by normal and 
frictional forces acting on the bottom plate, and the moment about 
its neutral axis, separately from the other forces acting on the plough 
(Appendix 3). It is capable of supporting forces up to 600 N and a 
moment of 50 Nm with a safety factor'of 2.5 to ensure linearity within 
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the working range. It has a cross section of 240 mm2, and the 
position of the strain gauges was determined in order to give maximum 
sensitivity. After loading tests the following characteristics were 
found in the transducer: 
i) cross sensitivity of less then 2%. 
ii) variation in channel output due to position of the forces 
N and Ft less than 3%. 
iii) the output from the moment bridge was independent of the origin of 
the eccentric force N or Ft. 
The output from each strain gauge bridge circuit was amplified using a 
strain gauge high impedance output amplifier, which also provides 10 V 
dc excitation for the strain gauge circuit. 
To record the angular displacement of the system, two high 
sensitivity dc/dc variable transformer type tilt sensors utilising a 10 
V dc input with a2V dc output were used, Fig 3. la. One fixed to 
the blade with a measurement range of 20°, sensitivity of 340 
mV/° and linearity of +0.5%, permitted a precise measurement of the 
leg movement in relation to the vertical. The other inclinometer fixed 
to the "free-link" with measurement range of 600, sensitivity of 
140 my/° and linearity of ±0.5%, permitted a reading of the "free-link" 
angle at any time. Two 9V batteries connected in parallel were used as 
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FIG. 3.9 Strain gauge assembly 
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a power supply for the inclinometers. 
To measure the relative movement of the implement and hitch-point, when 
this was the case, in relation to a fixed reference plan, two L. V. D. T. 
(Linear Variable Displacement Transducer) dc/dc were used. A power 
convertor supplied 10 volts DC to this equipment. 
The speed and travel distance of the carriage was measured using an 
on/off switch energized by a 1.5 V battery, fixed to the carriage. Equal 
length and distance plates fixed on the side of the soil bin were used 
to switch the device on and off. 
3.5 Recording and Listing System 
Recording data direct in a digital form is a great improvement which was 
introduced in the past few years. The use of microcomputer and analogue 
to digital converter have proved to be a very successful way of helping 
to get a fast and more precise data analysis. But this kind of equipment 
has to be very carefully selected in order not to distort the relevant 
data, which leads to a false conclusions. 
Tests conducted by Godwin (1974) showed that the cyclic variation in the 
magnitude of the forces component was as much as +25% about the mean 
value for tines with a small ratio, and tended to reduce as the aspect 
ratio increased. In terms of time response, these cyclic variations 
could correspond as much as 10 Hz, when working at - speed of 1 m/s 
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and ten to reduce as the carriage velocity reduces. To overcome these 
cyclic variations, it is then advisable to use at least double the 
cyclic rate, i. e. 20 Hz, and more reliable results would be obtained as 
this rate increases. 
The analogue output from the strain gauge amplifiers, and the other 
instruments, were converted into digital form by an analogue digital 
converter included in a data logger unit that was designed to receive up 
to 16 channels simultaneously at a rate of 100 Hz (or 1 channel at 1600 
Hz), for the duration of approximately 20 sec, utilizing a microcomputer 
memory for temporary data storage. Due to this limitation, for the tests 
with a time length of over 20 seconds, the sampling rate had to be 
reduced and a compromise between time and cyclic variation problems had 
to be made, and a sampling rate of 40 Hz was chosen as a minimum to be 
used. 
The results of all the sixteen channels could be listed after the run 
was finished by a printer connected to the microcomputer. The results 
could then be presented in integers computer units or engineer units, 
and in addition simple graphics could be plotted, Fig. 3.10. 
Due to the microcomputer limitations in memory and speed of calculation, 
and considering the quantity of information to' be processed, all the 
data from the tests was later transferred to the Vax 11/750 computer, 
where it was possible to compare the results from different tests and 
also compare those with the predicted results. 
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CHAPTER 4 
QUANTITATIVE EXPERIMENTS to DETERMINE the BEHAVIOUR of the TRENCHLESS PLOUGH 
4.1 Introduction 
Preceding any advance in the main theoretical study, it was necessary to 
conduct a series of investigations into the basic aspects of the 
implement behaviour. Research conducted in the past with different soil 
engaging tools; by Childs (1942), Reece et al (1966), Cowell et al 
(1966,1976), Fouss (1971) and Singh (1982); to study the influence of 
some external parameters on the dynamic response of these implements, 
revealed very little about the effect of soil reaction on the 
implement dynamic behaviour. Therefore, preliminary experiments were 
conducted to observe the influence of various factors that might affect 
the soil reaction on the tine and consequently the dynamic response of 
the implement when'working with its beam in a floating position. 
4.2 Experimental Method 
These tests were divided into three sections, the first to determine the 
forces acting on the tine independent of the system weight or any 
factor other than soil. For this the implement was rigidly mounted on 
the soil bin carriage, without the long beam. The forces were measured 
when the plough was held at different depths at several deflected 
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positions in relation to the vertical, using the extended octagonal 
ring transducer to measure the main soil reactions, and the cantilever 
transducer machined inside the tine to measure the forces acting on the 
bottom of the implement. 
The second section was a dynamic situation with the full implement 
assembly where the forces were measured in the following situations: 
i) at various constant depths 
ii) during increasing and decreasing of depth 
iii) implements with different weights 
iv) in soil with different shear strengths 
The experimental apparatus used in these experiments is fully described 
in section 3.2 and the method of soil preparation in section 3.3. The 
soil surface was level for all these tests. 
The third section was tests conducted in a glass sided soil bin to 
observe the pattern of the failure plan ahead of a cutting blade, with 
different soil profiles. 
4.3 Experimental Results 
4.3.1 Rigidly mounted tine 
The objective of these tests was to determine the nature and magnitude 
of the soil reaction forces acting on a tine, geometrically similar to 
the trenchless blade, working at different depths and angles of 
- 51 - 
inclination. The results of these tests are presented in Figs. 4.1 and 
4.2., and in particular this data illustrates: 
a) Forward tilt of the implement at constant depth 
i) As the tine is tilted forward the development of the clearance 
angle between the bottom plate and the soil reduces the horizontal 
force for inclinations up to 5°. The physical basis of a large 
horizontal force at zero clearance is the frictional force between the 
bottom plate and the soil. 
ii) A distinct change in the slope of the horizontal force curve 
occurs at 100 of deflection, where the relationship becomes 
more dependent upon the rake angle. Godwin (1974) showed similar 
results when testing narrow tines at different rake angles, and proved 
that the effect of the rake angle on the horizontal forces is 
relatively small for angles between 450 - 600. 
iii) The vertical soil reaction acts downwards for an inclination angle 
of 00 and becomes smaller in magnitude as the rake angle increases 
approaching zero and then changing direction at the rake angle in excess 
of 670, agreeing with the findings of Godwin (1974) for plane tines in 
the same soil. 
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b) Backwards tilt of the implement at constant depth 
i) When the implement is tilted backwards, the magnitude of the 
horizontal and vertical forces change very significantly. Initially the 
vertical force reduces to zero and on futher displacement produces a 
very large upwards (negative) force. Similar response is noted on the 
soil reaction forces on the bottom plate, with a large increase in the 
normal reaction force upwards, and also on the tangential force. Due to 
design limitation on strength of the tine transducer, inclination 
greater than -3o was not tested. 
c) Forward tilt of the implement at different depths 
i) Fig. 4.2 shows the results of tests conducted with the tine fixed 
at different angles of inclination running at different depths of work. 
The response of the horizontal and vertical force components to change 
in depth is similar to the results presented by Godwin (1974) and Singh 
(1982) indicating that this relationship is non-linear for a working 
depth range between 110-210 mm. 
ii) The results show that at shallow depths the clearance angle 
influence is less than the change in rake angle. It is noticeable in 
this figure that at 110 mm deep the horizontal force is reduced up to 40 
of inclination only, and then increased for further inclinations; at 
6° it is already bigger than at 0°. As the depth of work increases the 
relation between the rake angle and clearance angle slightly changes. 




FIG. 4.1 Results of the restricted motion study. Soil reaction forces at 
different angle of inclination of the tine (0), and constant depth 
of 150 mm 
0 6" 













Depth (m. x102) 
FIG. 4.2 Results of the restricted motion study. Soil reaction forces at 
different depth d, and angle of inclination 0 
48 12 16 20 24 
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and it can be observed that at 210 mm the inclination of 9o still causes 
a reduction in the horizontal force. 
From these results it was possible to conclude the following: 
Although there is a small difference in the horizontal force when the 
tine is tilted forwards due either to the clearance angle or to the 
difference in the rake angle for large inclinations, for depths bigger 
than 130 mm, the error in considering the horizontal force constant in a 
range of 0-10o for a given depth is less than 8%, and this error tend 
to reduce as the depth increases. At shallow depths, below 130 mm, it is 
adivisable to take the difference into account. 
The same consideration is not valid when the implement is tilted 
backwards, in this case the increase in forces is significantly greater 
and could certainly influence the implement behaviour. 
4.3.2 Dynamic motion studies 
4.3.2.1 Introduction 
A limited number of experiments were conducted with the tine in the 
dynamic situation to examine the influence of the forces observed in 
section 4.1.1, and relate them with the behaviour of the trenchless 
drainage plough. 
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4.3.2.2 Equilibrium situation 
The free-body diagram of the trenchless tine is shown in Fig. 4.3. The 
nature of the forces exerted on the system by the soil is determined by 
the physical properties of the latter. By symmetry the resultant of the 
sideways components is zero, giving only the forces acting on the 
implement in the horizontal and vertical directions. Since the point 
'0' and the hitch-point are pivoted, and the resultant force must pass 
through the latter, the angle of the "free-link" and the total resultant 
force are the same. 
The desired position for the trenchless plough to work is at equilibrium 
condition with its bottom parallel to the grade of the drainage 
project. Tests conducted in the soil bin with a fixed hitch-point over a 
flat soil surface, showed that the implement maintains its desired 
position independent of the working depth up to a certain limit, called 
the maximum working depth. An explanation for this is that the free-link 
used between the real hitch-point and the point '0' gives the beam some 
degree of freedom in vertical and horizontal directions. Consequently, 
when the weight of the system, combined with the vertical force, induces 
the implement to penetrate, this movement is opposed by the soil 
resistance on the bottom of the tine, and sustains the weight of the 
implement, creating a support force sufficient to compensate and balance 
the forces. This balanced situation can be upset in two ways. If the 
implement is'forced to run below the maximum working depth, by means of 
reducing the height of the hitch-point, the increase in the horizontal 
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force unbalances the forces and the moments involved in the system and 
the implement turns forwards, but does not penetrate. The other 
situation would be if the soil structure is not sufficiently strong to 
support the implement weight, then the tine sinks and compacts the soil 
until the bearing capacity is reached, and the balance is restored. 
In this work, the equilibrium condition is considered the one achieved 
when the implement is working at its desired condition above the 
maximum working depth. 
The trenchless tine, due to its aspect ratio (depth of work/tine width), 
can be classified as a narrow tine, and although its way of assembly and 
condition of work differ from the cultivation tine, it was decided to 
check how the values obtained experimentally fitted in the theory 
proposed by Godwin and Spoor (1977) for rigidly mounted narrow tines. 
The basic differences between these tines are that, the cultivation tine 
is a blade with a relieved bottom fixed to a frame, where generally the 
weight of the system is supported by a rigid attachment; on the other 
hand the trenchless plough is a blade with a non-relieved bottom and a 
relatively wide side plate, and is self supported, i. e., all the weight 
of the system is an active force in the process of cutting soil. 
The forces recorded during these tests in the horizontal and vertical 
direction, and the one calculated from the equation for narrow tines 
(Godwin and Spoor 1977), are plotted on Fig. 4.4. Although the theory of 
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narrow tines could be used to predict the forces acting on the tine 
face, and are in close agreement with the results obtained at large 
depths. As the depth of work reduces the influence of the forces acting 
on the bottom plate and on the side plates of the implement increases, 
and the results of the experimental values start to present some 
variations, especially for the vertical forces. The reason is, as 
explained above, that it is not the purpose of the model to predict all 
the forces which are involved with the tine shape used in the 
trenchless plough beam arrangement. 
Comparing the overall forces in the horizontal and vertical direction 
with the results predicted by the narrow tine theory for the tine face, 
the difference between the curves suggests that it is necessary to find 
a way to predict the resultant force acting on the tine in the 
horizontal and vertical direction to complement the results obtained 
from this theory. 
4.3.2.3 Position of the resultant force 
The magnitude, direction and point of-action of the total resultant 
force, R, acting on the trenchless plough is a function of the tine 
working depth. However, it is possible to observe in Fig. 4.5a that the 
ratio of the depth of the centre of resistance and the implement 
depth remains fairly constant. The results presented in Table 4.1 show 
that the ratio cr/d has an average value of 0.877, where 92% of the 
values are within +2 standard deviation for depths between 138-198 mm. 
It is also noticeable in Fig. 4.5b (Table 4.1) that the angle of the 
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relationship appears to be non-linear. Fig. 4.6 illustrates the 
relationship between depth, position of the centre of resistance, 
direction and magnitude of the resultant force. 
4.3.2.4 Force response to changes in hitch-point height 
An important factor in the dynamic behaviour of the implement is its 
response to changes in the hitch-point level, and the soil reaction 
forces to these changes. Singh (1982) in his hypothesis on the dynamics 
of the trenchless implement suggested that the angular response of the 
model drainage plough could be represented by a second order linear 
differential equation. As a result of the tests, he found that the 
implement achieved 63.2% and 99% of the desired correction after 
travelling 0.9 and 4.5 times the beam length respectively, and these 
figures were independent of the forward speed of the implement. 
There are fundamental differences between the model of trenchless plough 
being studied here and the one studied by Singh. One important aspect 
which differs in Singh's plough model was that due to its configuration 
the implement could achieve the equilibrium condition at any angle of 
the tine or the long beam, dependent only on the position of the 
hitch-point; 'Singh's model was a relieved bottom tine, and the 
hitch-point '0' was fixed to the carriage, without the use of the 
free-link. Therefore, it is important to repeat some of this test, in 
order to verify if his findings are applicable to a tine with the 
characteristics presented here. 
- 64 - 
To observe the response of the implement to a change in the hitch-point 
height, the implement was settled at its equilibrium position before 
starting the run, and then the hitch point was raised or lowered, so 
when the carriage started to move forwards the implement moved up or 
down, until a new equilibrium position was reached. 
The results obtained when testing the penetration, Figs. 4.7 and 4.8, 
and the raising response of the tine, Fig. 4.9, are consistent with the 
results reported by Singh. It is possible to observe in these figures 
that the distance travelled to achieve its equilibrium, for the same 
deflection, is practically the same whether the tine is moving upwards 
or downwards, suggesting that there is no significant difference between 
the upwards and downwards responses of the implement. 
In order to have a better comparison between the results obtained for 
penetration or raising of the implement, the angular deflection of the 
tine against the travelled distance is plotted in the same graph (Fig. 
4.10 top), disregarding their signs. In this figure the green line 
represents the results obtained during the-raising of the tine, and it 
is possible to observe that it has the same pattern as the other two 
curves which represent the penetration of the tine. The time constant", 
the distance necessary for the implement to achieve 63.2% of its 
equilibrium, is equivalent to 0.86 times the length of the beam, and it 
needs 3.75 times this value to achieve 99% ofthe desired condition. Fig. 
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FIG. 4.8 Results of the dynamic motion study, downwards response of the 
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FIG. 4.9 Results of the dynamic motion study, upwards response of the 
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angles presented in the top figure, (Table 4.2). 
It is also important to notice in Figs. 4.7 to 4.9 the behaviour of the 
supporting force N. Its magnitude tends to increase as the implement 
equilibrium depth decreases, increasing its proportion in relation to 
the net vertical force, and at shallow depths its value is very close to 
the total vertical force. This is explained by the fact that the 
equilibrium of the implement is achieved when the moment about the point 
'0' (Fig. 4.3) is zero, therefore at shallow depths, because there is 
a small horizontal force, the moment caused by the gravitational force 
W is compensated by the force N, and because of the shallow depth, 
there is not a significant soil . reaction 
force downwards on the tine 
face, consequently the support force N represents 85-90% of the total 
vertical force V. As the depth of the implement increases, the 
horizontal reaction force increases more than the vertical force, so the 
clockwise moment about the point '0' (Fig. 4.3) will increase, 
releasing the pressure on the bottom plate of the tine and reducing the 
support force N until the balance is restored. 
Comparing the resuts for the force N in Figs. 4.7 and 4.8 with Fig. 4.9, 
it is noticeable that its pattern differs during penetration and raising 
of the implement. This is due to the fact that when the tine is turned 
forwards and starts to penetrate, the bottom plate is pressing an 
undisturbed soil.. On the other hand when it is raising, turned 
backwards, although the bottom plate is still pressing the soil, it is a 
disturbed soil, and therefore weaker. 
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4.3.2.5 Effect of the moment of inertia of the system 
One way of testing the effect of the moment of inertia In a system 
dynamic behaviour, is by comparing the response of this system with 
different masses in the same physical condition. If the system response 
remains unaltered, or very similar, it can then be considered that the 
dynamic behaviour of the implement is not affected by the moment of 
inertia. The effect of changes in the weight of the implement, which 
remains with the same size and geometric configuration, is presented in 
Figs. 4.11 to 4.13. To obtain the desired variation in the mass of the 
implement, weight was added or removed, therefore the normal weight of 
236 N was reduced to 60% (142 N), and 80% (186 N) or increased to 200% 
(432 N). For experiments with less weight, the long metal beam was 
replaced by a light wood beam of the same length, and the octagonal 
ring transducer was removed. The wooden replacement beam was 
carefully made in order to maintain the centre of gravity as close as 
possible to that of the original system. To increase the weight, the 
implement was ballasted with additional weight attached near the centre 
of gravity. 
The result of these tests can be better observed in Fig 4.14 where the 
path of the implement for the tests with different weights is plotted on 
the same graph. Although the soil reaction forces and the equilibrium 
depth increased with the increase in weight, the motion of the implement 
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distance necessary for the implement to reestablish its equilibrium, 
(Table 4.3). 
These results suggested that the dynamic response of the implement is 
independent of the moment of inertia of the system, because its 
displacement occurs at a slow speed. This is in consensus with the 
report presented by Cowell (1976) in his theory for the dynamic 
behaviour of mouldboard ploughs, and Singh's (1982) for the drainage 
plough. Those authors actually did not test but inferred, based on the 
fact that the inertia force exerted on the implement is negligible in 
comparison with the forces exerted by the soil and gravity. 
4.3.2.6 Effect of the soil shear strength 
The response of the implement to changes in soil shear strength in the 
same run was investigated with the aim of observing the implement 
behaviour in a situation commonly found in the field. Altering the soil 
density is one way of altering the soil shear strength, and this was the 
method chosen in this project. 
The soil density was varied in the range 1680-1200 Kg/m3, prepared very 
carefully so that the boundary region was as small as possible in order 
to give an instantaneous change between the zones with different shear 
strength. 
The results presented in Figs. 4.15 to 4.17, are for tests conducted in 
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the soil bin packed with different soil densities. The effect of the 
differences in the soil shear strength are clearly noticeable in the 
response of the soil reaction force acting on the tine. These forces 
changed abruptly when the zone with different soil density was reached, 
but the response of the implement in changing to a new depth was 
observed to be very slow. Fig. 4.18 shows the values of the horizontal 
force and depth of the implement for different tests plotted in the same 
graph for better comparison. It is noticeable in this figure that 
although the soil forces vary about 30-40% from the zones with different 
density, the difference in depth of work is no greater than 10%. 
The explanation for this is that, alteration in the value of the forces 
acting on the tine causes a variation in the magnitude and direction of 
the resultant force, and consequently in the balance of the moment about 
the point '0' (Fig 4.3). This makes the implement move to find a new 
equilibrium depth. The slow change in depth is due to the fact that the 
vertical displacement of the implement has a very large damping effect, 
therefore a relatively large travel distance is necessary before the 
equilibrium is restored. Because the proportion of change in the 
horizontal and vertical forces, due to the variation in soil density, is 
similar, there is not a great alteration in the direction of the 
resultant force, and consequently the change in the equilibrium depth is 
smaller compared to the amount of change in the forces in the horizontal 
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4.3.3 The forward rupture distance ratio 
4.3.3.1 Introduction 
The distance between the tine and the point where the soil fails ahead 
of the tine (the 'forward rupture distance'), is required in the 
analysis of soil failure problems. Several researchers have investigated 
the way in which the soil fails ahead of the tine (e. g.; Payne, 1956; 
O'Callaghan et al, 1964,1965; Reece 1965; Hettiaratchi et al, 1966; 
Godwin and Spoor, 1977 and Stafford 1979), but all these researches were 
conducted for a soil surface with no irregularities, and no mention is 
made of what would happen if the soil immediately ahead of the tine 
presented some irregularities. Payne (1956) reported that the true 
surface of soil failure is the one which gives the Passive Earth 
Pressure its minimum value. 
The objective of this project is to investigate and explain the dynamic 
behaviour of the trenchless drainage implement when working in soil with 
an uneven soil profile, based on the principles of soil mechanics. Since 
that requires a knowledge of the failure plane ahead of the tine, tests 
where conducted to see the effect of the soil profile in the rupture 
distance ratio. 
4.3.3.2 Glass soil bin tests 
Godwin and Spoor (1977) measured the rupture distance ratio in a glass 
sided box, and reported that the results were not significantly 
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different, at 95% confidence level, from those made in a normal large 
soil bin filled with similar soil. This indicated that soil/glass 
friction had not significantly affected the failure pattern. 
Therefore, tests, to evaluate the rupture distance ratio, were conducted 
in a small glass sided soil tank, which was available in the soil 
physics laboratory. The soil was packed in a similar way as that 
described in section 3.3 for the normal large soil bin, and when a 
different soil profile was required the soil surface was cut to give the 
desired variation. The trenchless tine was replaced by a 450 rake angle 
tine 6.7 mm wide with a relieved bottom. The reason for this replacemnt 
was that using this technique only half of the soil failure can be 
observed, consequently the disturbance produced by the experimental tine 
width is equivalent to the soil failure caused by a tine with the double 
width in the field. 
Tests were conducted for three different types of soil surfaces: flat, 
step and sinusoidal inputs. The results are presented below, and the 
tests for a flat and step soil surface profile are illustrated in Fig. 
4.19, and in Fig. 4.20 are the ones for a sinusoidal soil profile. 
The nature of the failure mechanism was recorded using a video 
apparatus. The video tape was studied latter and the length of the 
forward rupture distance and the angle of the failure plane measured at 
both slow replay and static. In addition the pattern of the failure 
plane was copied onto an acetat film on the glass plate. 
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FIG. 4.19 Glass sided soil tank. Top: shear plane in a soil prepared with 
a flat surface profile. Middle: step input soil profile. 
Bottom: shear plane pattern in a step input soil profile 
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A 
FIG. 4.20 Glass sided soil tank, with a sine wave soil profile. (a) and 
(b) soil preparation, (c) and (d) soil shear plane 
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FIG. 4.21 Relationship between the ratio of the fowaSd rupture distance/tine 
width and crescent aspect ratio for a 45 rake angle, working in 
a flat surface soil profile 
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i) Flat surface 
The results obtained from tests in the glass sided soil bin prepared 
with a flat surface showed that the length of the forward rupture 
changes with changes in the depths of work. However, as shown by Godwin 
and Spoor (1977), when the ratio of the forward rupture ratio/tine width 
is plotted against the tine crescent aspect ratio (dc/w) they have a 
linear relationship. Therefore, Fig. 4.21 shows the data obtained in 
these tests compared with the results obtained by Godwin and Spoor 
(1977). The close agreement between the two sets of data gives 
confidence in the technique used to measure the rupture distance. 
ii) Step input soil profile 
Tests were conducted with the soil surface prepared with different 
heights of the step and for implements running at different depths. Fig. 
4.22 illustrates the way in which the soil fails and this is explained 
below: 
1) step upwards " 
a) At tine positions where there are no soil irregularities in the plane 
formed between the failure plane ab and the tine face ac, (i) and (ii), 
the failure plane behaves as for a flat surface, because there is no 
reason for it to change. The angle ß is constant and independent of the 
depth of work, but it is possible to observe in those tests that the 
critical depth is dependent on the depth of work. 
- 87 - 
b) As the tine approaches the step, (iv), and b coincides with e, the 
plane of failure starts to change. The plane of failure tends to be the 
one of least resistance and that is the plane formed by angle 0'. The 
angle between the failure plane and the horizontal line will continue to 
increase, (v), until the plane formed between the critical depth and the 
bottom of the step, e, is no longer the one of least resistance, then 
the soil will start to fail again as described in (la), (iii). 
2) step downwards 
a) A similar failure pattern to the one described in (1a) is observed 
when the tine is far from the step. As the implement approached the step 
and the distance be became smaller than the step height, the soil 
started to fail as shown in (vi). Since this behaviour of the failure 
plane did not repeat for all the steps down, it suggests that the reason 
for doing that can probably be explained by the way in which the soil 
was packed, in layers of 50 mm, creating a plane of least resistance 
between gd, where the principal failure plane maitained the angle of 
inclination 0. 
As the tine continued to move forward and be became very small, the 
angle of soil failure increased to @', (vii), and then started to 
decrease until the normal angle Q' was reestablished, (viii), after that 
the 'soil failure pattern would be similar to the one described in 
la, (viii). 
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iii) The sinusoidal surface 
The soil was prepared with a sinewave soil profile and the tests were 
conducted for different depths of the implement. Fig 4.23 illustrates 
the way in which the failure plane behaves when there is a constant 
alteration in the depth of work. 
When the soil depth ahead of the tine increases, i. e. there is a bump, 
the angle between the failure plane and the horizontal line, @, has a 
larger value than the one measured for a flat surface, and it tends to 
increase as the tine moves forwards, (iii) and (iv). When the failure 
plane be approaches the top of the bump and the relative depth ahead of 
it starts to decrease, the angle a will also decrease, (v), and the 
rupture distance will increase, and it will continue to do so, (i) and 
(ii), until the soil ahead of the plane be starts to increase its 
relative depth again, (vi). 
So, it was possible to observe in these tests that the failure plane is 
constantly altered and adapts itself to the line of least resistance for 
each position of the tine in relation to the wavelength. 
The results-of these tests for step soil surface profile and sine wave 
profile are presented in the next chapter. They are compared in Tables 
5.1 and 5.2 with the results obtained from a theoretical approach to 
the problem, in order to predict the rupture distance ratio. See section 
5.3.4. 












FIG. 4.22 The effect of the step soil profile in the angle of inclination 



























FIG. 4.23 The effect of a sinusoidal soil profile in the angle of 
inclination of the shear plane. (ß) the angle of the shear 
plane in a flat soil surface. (¢') the angle of the shear plane 
in a sinusoidal soil profile 
(v) 
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4.3.4 Conclusion 
Based upon the results of this study, it is possible to conclude the 
following: 
i) The restricted motion study proved that soil reaction forces on the 
tine are potentially large when it is turned backwards. These 
extreme forces are not present in the dynamic situation, basically 
because the implement has a degree of freedom in the vertical 
direction, and when any unbalanced force is generated on the bottom 
plate, it forces the implement to move upwards, and in so doing 
that compensates the forces and moments again. 
ii) The equation presented by Godwin and Spoor (1977) and Godwin et al 
(1984) for the calculation of soil forces acting on narrow tines 
predicts the forces acting on the face of the implement very 
satisfactorily. Although this model was not developed for an 
implement working in a dynamic situation, it covers the major part, 
but there are other forces involved in the system, which requires 
the development of equations to enable full predictions to be made. 
iii) The motion of the implement is heavily damped, as predicted by 
Singh, and there is no significant difference in the response of 
the implement between the upwards and downwards movement of the 
tine, where the force response seems to obey a similar function. 
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iv) The effect of the moment of inertia of the system is very small and 
can be neglected in further calculations. 
v) The soil shear strength has a great effect on the soil reaction 
forces, but very little change has been observed between the 
original equilibrium depth and the final one. The reason for that 
was explained to be due to the fact that tines with 45° rake angle 
present little difference in the ratio of change in the horizontal 
and vertical forces caused by alteration of the soil properties. 
vi) The size of the crescent failure ahead of the cutting blade changes 
when the soil surface profile is irregular. The shear plane tends 
to be the one which gives the least resistance to the Passive Earth 
Pressure. 




The aim of this investigation was to study the soil reaction forces 
affecting the dynamic response of a long floating beam trenchless plough 
and, based on this study, develop a mathematical model to simulate its 
response when working over an uneven field. The analysis of the 
implement behaviour in this chapter was based on a trenchless plough 
submitted only to the soil reaction force, the weight of the system and 
the pulling force of the carriage. The plough adjusts itself in the 
vertical plane under the net influence of these forces and it has no 
other external force to help it to penetrate, raise or maintain its 
equilibrium. 
To investigate the influence of an uneven soil profile on the behaviour 
of the implement or the movement of the hitch-point over this surface, 
three types of soil profile and hitch-point movement were studied; 
horizontal level, and step and sinusoidal inputs. The reason for the 
selection of these profiles was because they permit a much simpler 
mathematical analysis of the situation and, at the same time, represent 
a wide range of field conditions. 
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As a result of the investigation explained previously (Chapter 4), where 
some aspects of the implement behaviour were revealed, the following 
assumptions could be made: 
a. the implement achieves its desired condition of equilibrium when 
there is no movement in the vertical direction as the plough moves 
forward. As this position is reached, the resultant of its weight 
and soil forces pass through the point '0' and its angle is the 
same as the 'free-link' (Fig. 5.1). 
b. for each position of the hitch-point there is one equilibrium 
position of the implement, which is the function of the geometric 
configuration of the system and soil condition. 
c. the effect of the inertia forces could be neglected, without 
affecting the results of this analysis. 
5.2 Mathematical Analysis 
The objective of this project was to estimate the path of the implement 
when there was an alteration in the equilibrium depth caused by either 
soil physical alteration or hitch-point movement. 
From the free-body diagram of the implement shown in Fig. 5.1 the 
equations for the static-state situation can be written in the 
following form: 
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Fh = Th - HT =0... (1) 
n Fv = Tv - VT - mg =0... (2) 
2Mo= (mg)a + Vte - Htb' =0... (3) 
In the dynamic situation any alteration in the soil condition or other 
factors, which could induce a change in the soil reaction force would 
consequently alter the magnitude and direction of the resultant force, 
R. Since the forward displacement of the implement is slow, the 
assumption that the changes in the hitch-point cause an instantaneous 
reaction in the point '0' can be made, (i. e. 0=0), with no effect on 
the dynamic analysis of the implement response. Then the principle of 




Considering the velocity diagram of the system, Fig. 5.2, for a small 
value of. '8' it is acceptable to take the approximation cosh = 1, 
sinO =0 and tan ; k= x, and the following equations could be written 
tan =1 




Following the work presented by Reece et al (1966), and assuming a 
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M= -K (9 + x) ... (6) 




VI dt I 
which represents damped harmonic motion. As has been reported by several 
researchers; (Reece et al 1966, for a simple tine engaging tool; Cowell 
1976, for the mouldboard plough; Fouss 1971, for the mole plough; and 
Singh 1982, for the trenchless plough) and confirmed in the previous 
chapter, soil engaging implements usually have a very large damping 
constant, therefore the inertia force becomes relatively insignificant, 
and can be neglected. 
So, the solution for equation (7), wich is dependent upon the magnitude 
of the damping coefficient, and in this case greater than 1, has the 
classical solution (Thomson, 1973) represented in the form of: 
6= 6o exp (-v/1)t or 
6= 9o exp (-s/1) ... (8) 
where s is the travelled distance. 
From the practical point of view there is more interest in predicting 
the path of the implement than in its angular deflection, so equation 
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(8) should be extended. Fig. 5.3 shows the implement out of equilibrium 
after the hitch-point has been raised. The vertical displacement due to 
the change in the hitch-point position can be expressed by 
Ad=1 tan 6 ... (9) 
Assuming tan8 =0 for small values of 0, and substituting for 0 in 
equation (8), gives: 
A d/1 = 6o exp (-s/1) 
and Fig. 5.3 shows 
Bo = (do - de)/1 
which becomes 
... (1o) 
t) Ad = (do-de) exp (-s/1) ... (11) 
This is a similar equation to the one presented by Cowell and Sial 
(1976) for the penetration of the mouldboard plough, where it could be 
used only to predict the path of the implement in the vertical and 
horizontal direction between two experimentally measured positions of the 
implement. 
To solve equation (11) it is necessary to estimate the equilibrium depth 
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FIG. 5.3 Vertical displacement of the implement due to the change in the 
height of the hitch-point (a), and after the equilibrium is 
restored (b) 
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of the system at any point, which is dependent on the soil condition, 
and the geometric configuration of the implement system, and 
consequently it is also dependent on the soil reaction forces as is 
proved in the section below. 
5.3 Forces Estimation 
From Fig. 5.1 the equations for the equilibrium condition of the 
implement can be rewritten in a more convenient form 
Fh= 0=HT+FS+ Ft+T cos n ... (12) 
Fv= 0=V+W-N -T sin Cl ... (13) 
M0= 0=Wa+Ve -N(1+L/2) - Ftb- Fs(b - Id) - HTb ... 
(14) 
with the following assumptions for terms in the above equation 14 (not 
previously discussed): 
i) The support force N, acting on the bottom of the implement is 
considered to be a uniform distributed load, because the bottom of the 
tine is in contact with the soil independent of the tine angle. That is 
the reason' why the distance between the point of application of this 
force is considered to act midway along the base, this argument being 
further supported by the fact that any error in this assumption is 
proportionally reduced because of the length 1, so any slight alteration 
in the position of N in relation to the bottom plate will have a minimum 
effect on the total moment about the point '0'. 
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ii) The force FS is the result of adhesion and friction of the soil 
and the side plates in a disturbed and consequently cohesionless soil. 
Therefore it can be considered that Fs is distributed along the depth 
of work dependent on the normal pressure, which increases with the depth 
of work, and area of contact between the soil and the tine. Since the 
tine has a triangular shape, the point of application of the force Fs is 
at three quarters of the depth of work (Fig. 5.10). 
iii) The front face of the trenchless plough corresponds to a narrow 
tine. Therefore to estimate the magnitude of the forces H, Q and V, 
which are acting on the face of the tine, the mathematical solution for 
calculating the forces on the front face of a narrow tine with a 
relieved base, available from Godwin and Spoor (1977) and Godwin et al 
(1984), can be applied. 
The theory of narrow tines identifies two zones of soil failure. The 
crescent zone, where the displaced soil has forwards, sideways and 
upwards components, and the lateral failure; a lower zone where the 
displaced soil has components in the direction of travel and sideways. 
The depth where the division between the two zones occurs is called 
critical depth. 
5.3.1 The crescent failure zone 
In the crescent zone a simple passive failure is considered to occur, 
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where the magnitude of the resultant passive force can be estimated from 
the equation of plane failure in front of a wide cutting blade, using 
the equation proposed by Hettiaratchi et al (1966,1974). 
P= (Yd2Ng + cdNc + cadNa + qdNq) ... (15) 
Based on this equation, Godwin and Spoor (1977) derived one equation to 
predict the soil forces reaction acting in the horizontal and vertical 
direction. Later, Godwin et al (1984) extended the model based upon a 
modification to the upper crescent soil failure. A more appropriate 
expression for the crescent boundary was proposed, Fig. 5.4, where 
r=f- (f - s) sin2Y° ... (16) 
For tines with predominant crescent failure, (the trenchless tine should 
work at a depth very close to the critical depth, Spoor and Fry (1983), 
Payne and Tanner (1959) showed that: 
s=d ... (17) 
Substituting this into the previous equation, Godwin et al (1984) 
obtained the following results: 
H= (fdc2Ny+cdc Nc+qdc Nq) [w+dc(m-}(m- 1))] 
sin( cc + 6) + ca w dc (Na sin(oc +S)+ cos a) ... (18) 
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which could be extended to the vertical direction 
V= (Xdc2N1+cdcNc+gdcNq) Cw+dc(m-}(m- 1))] 
cos(oc+d) - ca w dc (Na cos(oc+6) - sinou) ... (19) 
The N factors in each of the terms are considered dimensionless numbers 
and their magnitudes, which are dependent upon the magnitude of a, Y and 
S, can be calculated using the graphical solution presented by 
Hettiaratchi et al (1966) and presented in Appendix 5. 
5.3.2 The lateral failure 
In the zone below the critical depth, the sort of failure which exists, 
is in two dimensional ways in the horizontal plane, and it is 
independent of the rake angle of the tine. This kind of soil failure is 
similar to that of a deep narrow footing orientated at 900 to the normal 
direction of application, for which the equation given by Meyerhof 
(1951) is quite acceptable to predict the forces. Based on this solution 
Godwin and Spoor (1977) presented the following equation to estimate the 
forces in the lower zone, between the limits of the critical depth and 
the total working depth. 
Q=wc NO (d - dc) + 0.5 Ko Yw Nq' (d2 - dc2) ... (20) 
The values of NO and Nq' can be determined from the graph presented in 
Appendix 5 (Godwin, 1974). 
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FIG. 5.4 Crescent boundaries: (a) general view; (b) top view; (c) front 
view (Godwin et al, 1984). - Experimental data; --- r=f=md 
after Godwin and Spoor (1977); -"-"- r=f-(f_ s)sin Pafter Godwin 
et al (1984) 
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So, the total horizontal force component of the soil reaction on the 
face of the tine, is given by: 
HT =H+Q... (21) 
5.3.3 Critical depth estimation 
It is necessary to have a knowledge of the critical depth for a 
particular tine in a given soil to apply the equations proposed by 
Godwin and Spoor (1977) presented in sections 5.2.1 and 5.2.2. The 
mathematical solution given by Godwin and Spoor (1977) to estimate the 
critical depth does not give the necessary sensitivity to predict the 
accurate position of the critical depth, for a 450 rake angle tine, 
therefore it could not be applied in this case. 
It was then decided to use the practical solution, where the position of 
the critical depth can be found, using a glass soil technique. This 
method was used by Godwin and Spoor (1977) to estimate the critical 
depth in the same sand-loam soil used in this experiment. As a result of 
these tests they found that although the critical depth is a function of 
the width of the tine and depth of work, it could be represented in a 
function of the critical aspect ratio (dc/w) and aspect ratio (d/w). 
Fig. 5.5 shows the results of tests conducted by Miller (1971) and 
Godwin (1974). From this graph it is possible to estimate the critical 
depth, and this was the method used in this analysis. 
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5.3.4 Forward rupture distance ratio 
Another requirement for using the equations proposed by the theory of 
narrow tines, is the knowledge of the ratio between the length of the 
forward rupture f and critical depth dc. To date, there is no 
satisfactory method for predicting the rupture distance ratio for three 
dimensional soil failure. Although the model proposed by Hettiaratchi et 
al (1966,1967) works satisfactorily for wide tines, it gave errors up 
to 50% for narrow tines. Therefore, Godwin and Spoor (1977) presented a 
graphical solution based on experimental values to estimate the rupture 
distance ratio for different rake angles on a flat surface (Fig. 5.6). 
The tests conducted on the soil glass sided tank, explained in the 
previous chapter, proved that the size of the crescent failure is 
irregular if the soil ahead of the tine has an uneven profile. 
Therefore, to be able to use the equations (18) and (19), the failure 
rupture distance ratio m had to be predicted, and for that it was 
necessary to know the shape of the boundary failure surface. 
In order to predict the forward rupture distance the concepts explained 
below, developed to predict the passive force by Coulomb, were used to 
estimat the-size of the shear plane. 
The concept of passive earth pressure indicates the resistance of a mass 
of soil against displacement by lateral pressure, and Coulomb proposed a 
principle that the soil failure occurs in such a way that the Passive 
Earth Pressure is minimum. 
Terzaghi and Peck (1967) suggested that the most likely failure pattern 
























FIG. 5.5 The relationship between critical aspect ratio and aspect ratio 
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FIG. 5.6 Experimental relationship between distance ratio and tine rake 
angle. " From Godwin and Spoor (1977), 0 from Hettiaratchi 
and Reece (1967), cj from Payne (1956) and Payne and Tenner (1959) 
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for a soil under an external pressure is that shown in Fig. 5.7, for a 
static equilibrium situation, which includes a passive Rankine zone 
whose inclined boundaries rise at an angle of 450 - 
%/2 to the 
horizontal, and a lower boundary of the wedge-shaped zone, which is 
curved, located between the Rankine zone and the contact face. 
Reece (1964) showed that the application of this consideration could be 
extended to the cutting blade problem, but that the failure zone 
suggested by the passive theory does not even fulfil the conditions of 
static equilibrium. 
Considering the crescent failure zone ahead of a 450 rake angle tine, 
and investigating only the linear section immediately ahead of the tine 
width, Coulombs principle can be applied, and the following analysis can 
be done in order to determine the length of the crescent failure. 
Fig. 5.8 shows the forces acting ahead of the tine for a width equal to 
the blade (w). The surface of sliding in a real situation is slightly 
curved. Coulomb, however, 'computed the passive earth pressure against 
rough contact face on the simplified assumption that the surface is 
plane. If the rake angle of the tine is less then (900 -, Y), the failure 
plane is really almost straight and the error is acceptable. 
The straight line BD, shown in Fig. 5.8 is arbitrarily assumed to 
represent the failure plane. The wedge ABD is in equilibrium under the 
weight W, the reaction to the resultant earth pressure P, the frictional 




FIG. 5.7 Diagram illustrating assumptions on which theory of Passive 
Earth Pressure against rough contact forces is based 
FIG. 5.8 The forces acting on the soil in the failure zone in front of a 
trenchiess tine with a 45° rake angle 
- 110 - 
reaction RF and the resultant C of the cohesion along BD. The reaction 
RF is inclined at the angle 0 to the normal BD, because the frictional 
resistance is assumed to be fully developed along the surface of the 
plane. The forces can be resolved as follows: 
i) in the horizontal direction 
P sin (oc+ . 6) = RF sin (p+'1) +cw BD cos ß ... (22) 
ii) in the vertical direction 
P cos (oc +ä)+ RF cos (F + A) _ (area ABD) w+cw BD sin ß ... 
(23) 
From 22 and 23 
p_ 
(area ABD) +c BO (sin P+ cos cot (#+O)l w ... 
(24) 
sin oc +S cot f++ coS a+a 
H=P sin (oc+5) 
(area ABD) +c BD (sin + cos cot +s H= 
cot ß+ ,9+ cot oý +w... 
25 
Since the plane BD is not necessarily the real failure plane, similar 
analyses are made for different planes and B is chosen for the minimum 
value of H. From that it is possible to calculate f 
f= dc/tan a+ dc/tan (3 
and m is given by 
m=f /dc or 
m= cot «+ cot (3 ... (26) 
For the uneven soil profile the computation is conducted in the same way 
where the difference in the mass of the wedge ABD and the length of the 
plane BD is taken into account. 
For the flat surface soil profile, where the experimental results of the 
tests conducted in the glass sided soil bin were presented in Fig. 4.20, 
the rupture distance ratio 'm', calculated from this technique is equal 
to 2.03. This value is in very close agreement with the value presented 
by Godwin and Spoor (1977) for tines with 45° rake angle, where m was 
equal to 2.08. 
Tables 5.1 and 5.2 present the results for the step input and sinusoidal 
soil profile respectively, where the experimental values can be compared 
with the results obtained using the technique explained above. Fig. 5.9 
presents the angle of the shear plane plotted against the tine position 
for predicted and experimental values obtained for the sinusoidal soil 
surface. 
Although in this case the results presented some variations, especially 
in the sine wave soil profile it seems to be a good approximation to 
evalulate the unknown value of f. 
5.3.5 The force balance 
Some other forces would still have to be calculated to complete the 
force balance in equations (4) to (6) . 
- 112 - 
TABLE 5.1 
Effect of the step input soil profile in the shear plane angle 
Implement depth 145 mm; step -75 mm 
Distance from the step angle of the shear plane m 
mm measured predicted f/dc 
300 45 44 2.036 
250 -- 25 3.124 
220 22 27 2.930 
200 33 30 2.707 
150 -- 38 2.271 
100 45 44 2.036 
Implement depth 135 mm; step -55 mm 
300 45 44 2.036 
250 -- 23 3.100 200 22 28 2.846 
150 -- 36 2.376 
110 30 40 2.036 
100 -- 44 2.036 0 45 44 2.036 
Implement depth 100 mm; step 70 mm 
200 43 44 2.036 
150 45 44 2.036 
100 -- 44 2.036 
80 55 52 1.781 
50 -- 61 1.554 
0 40 44 2.036 
Implement depth 130 mm; step 40 mm 
200 -- 44 2.036 
150 34 44 2.036 
100 -- 48 1.900 
80 55 58 1.625 
30 40 44 2.036 
Implement depth 80 mm; step 95 mm 
200 45 45 2.000 
150 -- 45 2.000 100 40 45 2.000 
80 45 46 1.966 
40 -- 61 1.550 0 45 44 2.036 
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TABLE 5.2 















0.1500 41.0 38 40 -- 39 2.173 0.264 
0.1693 38.5 30 43 38 37 2.244 0.293 
0.1838 37.5 38 -- -- 38 2.235 0.304 0.1899 33.0 37 34 -- 35.5 2.415 0.333 
0.1862 32.5 37 30 36 34.3 2.514 0.334 
0.1735 31.5 35 36 30 33.6 2.484 0.329 
0.1550 30.0 35 30 -- 32.5 2.598 0.323 0.1353 31.0 30 28 -- 29.0 2.635 0.298 0.1192 34.5 36 41 -- 38.5 2.554 0.261 0.1105 37.5 36 46 -- 41.0 2.455 0.236 0.1120 40.0 41 38 -- 39.5 2.329 0.226 0.1226 43.5 41 -- -- 41.0 2.109 0.221 0.1401 41.5 41 45 -- 43.0 2.175 0.252 
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FIG. 5.9 Angle of the shear plane in relation to a sinusoidal soil surface 
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The value of Fs, the force acting on the side plate of the implement due 
to adhesion and friction can be calculated by using a solution similar 
to the one presented by Godwin (1974) to estimate the sliding resistance 
force acting on a uniform shaped tine, modified to adapt to the 
trenchless tine geometric shape. The force acting upon an elemental 
area, shown in Fig. 5.10, is given below in equation 27 
dFS = ca xdz+(h xdztanS ... (27) 
where 
x= f(z) = (L - (d-z) cotoc) ... (28) 
and the horizontal stress is given by 
6h = Ko iz... (29) 
then substituting (27) and (28) in (29) 
dFs = ca (L - (d-z) cot oc ) dz + Ko äz tan 6 (L - (d-z) cos oc ") dz .. (30) 
Fs can be calculated by integrating equation (30), and the total 
sliding resistance force for a trenchless tine of bottom length L, 
working at depth d, can be represented by 
FS =cad (2 L-d cot a) + tan S Ko ' (L d2 - }d3. cot oc) ... (31) 
The value of Ft the friction force between the bottom plate and 
the soil can be determined by: 




FIG. 5.10 Lateral force acting on the side plate 
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Ft =N tan t ... (32) 
To solve equation 14 the values of the moment arm have to be known. 
Therefore, a relation between these variable length arms and the fixed 
points, the hitch-point position, hl, and distance where the implement 
is fixed to the beam and its base, b, should be drawn. The value of the 
centre of gravity, a, can easily be determined experimentally or 
calculated from the geometric configuration of the system. 
Results presented in the previous chapter showed that the centre of 
resistance of the soil reaction forces on the tine face, is dependent 
on the actual depth of the implement, but the ratio cr/d can be 
considered constant, with the average value of 0.88. So the distance 
between the hitch-point and the centre of resistance, b' in the 
vertical direction and e in the horizontal direction, can be expressed 
by the equations below 
b'= b- (0.88d) ... (33) 
e=1- (L - 0.88d cot oc) ... (34) 
Leaving only three values unknown,, N, T, and n, and three equations 
to solve, so a Real solution is possible from the equations 
2Fh=0=H+Q+Fs+Ft+T cos fl. ... (12) 
2FF=0=V+W-N-TsinSL ... (13) 
2M0=0=Wa+Ve-N(1+L/2) - Ft b- Fs(b-}d) - HTb' ... (14) 
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5.4 The dynamic situation 
The mathematical solution using the theory described above estimates the 
value of the soil reaction forces acting on the implement in a given 
position. It was observed, in experiments conducted earlier and 
described in the previous chapter, that the implement would react, 
changing its equilibrium depth , if there is any alteration in the soil 
forces resultant. Therefore, it is necessary to explain how these 
changes in forces would affect the implement behaviour. 
It was shown in section 5.3 that it is possible to estimate the forces 
acting on the tine when the working depth of the implement and the 
height of the hitch-point are known. However, it was proved in section 
5.3 that for a given height of the hitch-point there is a different 
working depth which is dependent on the physical conditions of the soil 
and implement characteristics 
dc = f(O, S, Y, c, l, h, b) ... (36) 
Since at the desired equilibrium depth the angle of the total resultant 
force acting on the implement and the angle of the free-link are the 
same, and the bottom of the implement is parallel to the horizontal 
line, it is possible to determine the equilibrium depth using an 
interactive method, for a known soil condition and hitch-point height, 
as described below. 
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5.5 The programme computer concepts 
The theory so far described enables the forces acting on the tine to be 
estimated, using the principle of soil mechanics, the theory of narrow 
tines, and the dynamic balance of forces. Since it was found that the 
equilibrium condition of the implement is with its bottom parallel to 
the horizontal line for a given position of the hitch-point, it is 
possible to predict the equilibrium depth of the implement based on the 
fact that the angle of resultant force is the same as that of the 
'free-link'. The model goes even further and utilizing the Coulomb 
Principle of Passive Earth Failure, estimates the length of the rupture 
distance. With the knowledge of these values it is then possible to 
estimate the path of the implement. 
However, when working in adverse soil conditions any alteration in one 
of these values would affect the whole system, since they are 
interrelated. Consequently the solution for this interactive calculation 
was the development of a computer programme (Appendix 6) whose block 
diagram is shown in Fig. 5.11 and the basic principles are described 
below. 
a. The first step of the programme consists in estimating the 
equilibrium condition of the implement for a given height of the 
hitch-point, assuming that the plough is working in a flat soil surface 
profile. The calculations are based on the equations presented in the 
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section 5.2 and 5.3, where the soil physical conditions are known. It is 
an interactive method where the increments in depth are introduced until 
the moment about the point '0' Fig. 5.1 is zero. 
b. In the next step the programme verifies the conditions of the soil 
surface ahead of the tine for a displacement es in the travelled 
distance s. If there is any alteration In the soil profile it calculates 
the forward rupture distance ratio m using the method described in 
section 5.3.1, and then with the value of m and d calculates the 
resultant force, and which should be the new equilibrium condition . 
c. For the same position of the tine, the programme checks the position 
of the hitch-point, and in case of any alteration it calculates which 
should be the new equilibrium position. 
d. The actual depth of the implement is calculated using equation 11 
where ad is calculated for a depth do, the depth of the implement at 
point s, and de the new equilibrium depth if there is no other 
alteration in the further as displacement. The programme than assumes 
that do is equal to do +, ad and s is equal to s +A s 
e'. It then checks if the run has finished, and in a negative case it 
returns to section b. 
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CHAPTER 6 
EVALUATION OF THE MODEL AND DISCUSSION OF RESULTS 
6.1 Introduction 
A series of tests were conducted in the soil bin in order to evaluate 
the mathematical model presented in the previous chapter, and to 
establish the fundamental kinematics of the behaviour of the trenchless 
plough. The results presented in this . chapter are, therefore, a 
combination of appreciation of the model and a discussion of the 
behaviour of the implement under the circumstances tested. 
Ede (1961) observed that grade control can be satisfactorily achieved by 
maintaining the correct level of the pivot point of a floating beam mole 
plough, and that the implement only runs in equilibrium at a single 
depth of about 660 mm for a beam length of 3.4 m. He conducted a limited 
number of tests for small soil irregularities and did not give further 
explanation of his findings and/or their possible implications in the 
behaviour of similar implements. It was therefore necessary to conduct 
tests under undulating conditions in order to analyse the behaviour of 
the trenchless plough. 
The tests were divided into two main groups to study the effect of: 
a. soil surface with constant hitch-point level 
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b. hitch-point movement over a flat soil surface 
These are summarized in the table below: 




6.2 The effect of the soil surface 
6.2.1 Introduction 
To simulate the trench Iless plough working in a field with an irregular 
soil surface, tests were conducted in the soil bin with the soil surface 
in both step and sinusoidal form. The method of preparation of the soil 
surface is fully described in section 3.4. The objectives of these tests 
were to observe the effect of the difference in the soil level on the 
implement response, and to compare the results with those obtained from 
the mathematical model for similar circumstances. 
6.2.2 Step input soil profile 
The length of the soil bin surface was prepared with two steps, with a 
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plateau sufficiently large between the steps to allow the implement to 
reachieve its equilibrium before another soil irregularity was reached. 
The steps, 0.05 m height, which represent a difference of 0.3 to 0.6 
times the working depth of the implement (dependent on the original 
position of the tine), were constructed in both directions, i. e. 
increase and decrease in the soil depth. The tests were conducted for 
different hitch-point heights, in relation to the reference level, in 
order to vary the initial working depth of the implement. The hitch- 
point remained level during the run. 
An example of the implement response to soil step input is presented in 
Fig. 6.1 (step down) and Fig. 6.2 (step up). It is possible to observe 
in these figures that the soil reaction forces H, V and N start to 
present some variation before the implement reaches the step. The 
distance between the point where the soil forces start to change and the 
point at which the soil step occurs, was found to be same as the length 
of the forward rupture distance for a flat surface. Since the forward 
rupture distance ratio can be considered constant for a flat surface, 
and has the value of 2.03 for a 45° rake angle tine, it is possible to 
affirm that the soil reaction forces start to change their magnitude at 
the distance approximately equal to two times the critical depth before 
the implement reaches the step. As a consequence of this change in the 
soil reaction forces the implement reacts and starts to move even before 
it crosses the soil irregularity. 
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of the results obtained in the soil glass-sided tank (section 4.3.3), 
where it was found that the angle of inclination of the shear plane 
changes as the tine approaches the soil irregularity, because the soil 
fails in the plane of least resistance. This means that there must be an 
alteration in the soil reaction forces as the tine approaches the step 
input, and this change is proportional to the distance between the tine 
and the soil step and to the amount of change in the soil depth. 
A theoretical approach for this problem was proposed in section 5.3.4, 
where a model based on Coulomb's theory of soil failure in the passive 
state was used to predict the alteration in the shear plane angle, and 
consequently in the soil reaction forces. The experimental and 
theoretical results are presented in Fig. 6.3. There is general 
agreement between the two sets of results and for the horizontal soil 
force in particular. The fact that it took a short distance (0.75 m) for 
thee implemant to reach equelibrium explaines the discrepancy between 
the two sets of data. The vertical soil reaction force estimation agrees 
with the experimental value in 70% of the cases and in 30% it was 
underestimated, although all the step changes were predicted. This 
agrees with the results obtained by Godwin and Spoor (1977). 
As a consequence of this alteration in the soil reaction forces, there 
is an alteration in the total moment about the hitch-point '0' (Fig. 
5.1). Since the change in angle of direction of the soil resultant 
force, due to changes in the depth of work, is small, the change in the 
balance of the moment and change in the position of the height of the 
point '0' is minimal. The result of these small alterations represents 
a slight change in the angle of the tine in relation to the horizontal 
plane, which induces the tine to penetrate or raise to re-establish the 
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equilibrium condition. This can be observed in Figs. 6.1 and 6.2. The 
difference in the soil reaction forces from the first soil level to the 
last one are nearly 100%, but only a small alteration in the depth of 
work, in relation to a reference level, can be noticed. It Is important 
to observe that, because of the damped effect on the implement the 
change in depth is very slow and the slope of the channel is constant 
with no backward inclined grade. 
It is also noticeable in these figures that the grade of the drainage 
pipe line differs from the grade of the soil surface. In Fig. 6.1 (top) 
if a linear decrease in depth between the point sl at 0.45 m and s2 at 
4.00 m is considered, the soil slope is 2.8% where the pipe line grade 
is only 1%. In Fig. 6.2 (top) the depth of the implement at point s1 is 
96.4 mm, and at point s2 it is 74.9 mm in relation to the origin, where 
the difference in soil level is 100 mm. This suggests that the 
relationship between the hitch-point and the implement depth is non- 
linear. 
The evidence from the results obtained in the experiments conducted with 
the hitch-point at different heights in relation to the soil surface 
(Fig. 6.4), suggested that the relationship between these values can be 
represented in parabolic form where the following empirical equation 
could be fitted to the experimental data: 
Y=a+ bx + cx2 ... (6.1) 
where the coefficients are: 
Y=d= equilibrium depth in mm; x= HP = height of the hitch-point in 
mm; a= 220.5753; b=4.865 E-2; c= -1.757 E-3 
The reason for this behaviour of the implement with regard to the 
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hitch-point position is explained by the fact that the relation between 
soil reaction forces and depth of work is non-linear. What happens is 
that as the depth of the implement is reduced, by means of reducing the 
height of the hitch-point, the horizontal soil reaction force increases 
in a slightly bigger proportion than the vertical soil reaction. As a 
consequence the angle of the resultant force decreases and the 
implement is able to find an equilibrium position at a shallower 
penetration. This will happen up to a certain limit, i. e. the maximum 
working depth, after which the vertical forces acting on the implement, 
due to the soil reaction and weight of the system, would not be 
sufficient to compensate the moment generated by the horizontal force 
and the implement will no longer penetrate. However, the error in 
assuming a linear relationship, in the working range of 170-290 mm for 
the height of the hitch-point, i. e. between the operational depth of 
80-170 mm, is very small; 1.25% for the two extremities. It can also be 
observed in Fig. 6.4 that the response of the implement to alterations 
in the height of the hitch-point is independent of direction of movement 
of the latter. 
These results are similar to the ones obtained by Fouss (1971) for the 
mole plough tine; he reported that changes in the hitch-point height 
cause changes in the plough depth in different proportion. 
6.2.3 The sine wave soil profile 
The second series of tests were conducted in a sinusoidal soil surface 
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profile, with two different wavelengths, 1.75 and 3.00 m and two 
different wave amplitudes, 0.04 and 0.06 m, bringing it to a total of 
four different tests. The soil surface profile was prepared as described 
in section 3.3, and a small plateau of approximately 1m long was left 
at the beginning of the bin, so that the implement could adjust itself 
to the equilibrium depth before the uneven surface started. In order to 
change the original equilibrium depth before the uneven soil surface 
started, the height of the hitch-point was varied between each run, but 
was kept at a constant level during the run. 
Figs. 6.5 and 6.6 show the results of some of these tests. These figures 
illustrate particularly well that the implement can maintain its path of 
equilibrium if the hitch-point is kept at constant level in reference to 
a horizontal plane, independent of the soil profile. This is specially 
valid when the soil irregularities are most frequent. The short 
wavelength represents two beam lengths (Fig. 6.5 top, and Fig. 6.6 
bottom). In Fig. 6.5 (top) the difference in the implement depth, 
between the shallowest point (d1) and the highest point (d2) is 80 mm, 
where the initial depth of work is only 100 mm. This represents a 
variation in depth of work of 130% between dl and d2, and an alteration 
in magnitude of the soil reaction forces of 140%, where the path of the 
implement can be considered constant with less than 2% variation. This 
is due to the fact that the damped effect of the implement prevents the 
tine from moving in the vertical plane. When the moment about the hitch- 
point changes in one direction and the tine starts to move to respond to 
the alteration, the implement has already moved forward enough for the 
132 
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soil reaction forces to change in the opposite direction so that the 
tine does not have time to react to this soil variation. Therefore, 
the alteration in the grade of the drainage line is very small. 
It is possible to observe in figures 6.5 and 6.6 that although the soil 
reaction forces have a sinusoidal response similar to the soil surface 
profile, with the same frequency, they differ in amplitude, which is 
dependent on the implement depth; e. g., the soil amplitude is the same 
in Fig. 6.5 top and bottom, but the soil reaction force has a bigger 
amplitude in the bottom figure because the implement is working at 
greater depth. 
It is also noticeable, in the same figures, that the soil reaction 
forces are slightly out of phase in relation to the soil surface. The 
soil reaction forces tend to change in magnitude ahead of the actual 
change in soil profile, and it was observed that the amount out of phase 
of the soil reaction forces in relation to soil surface is dependent on 
the working depth, i. e. it is a function of the length of the forward 
rupture distance. This is explained by the fact that the shear plane 
ahead of the tine changes its angle of inclination as the soil surface 
profile varies. This was observed in the tests conducted in the glass 
sided tank and explained in section 4.3.3. This change In inclination of 
the shear plane induces a change in the soil reaction forces before the 
change in soil surfaces occurs. Therefore at a relatively deep working 
depth, where the length of the forward rupture distance is great, the 
amount out of phase is expected to exceed the amount out of phase at 
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shallow depth. As an example in Fig. 6.5 (top) the peak of the 
sinusoidal wave produced by the soil reaction forces differs by over 
200 mm from the top of the soil bump (d2), and at the shallowest depth 
of work, the out phase, is only 100 mm, (dl). 
The path of the implement in the case of a soil profile with a long 
wavelength (3.00 m, equivalent to 3.6 times the beam length, shown in 
Fig. 6.5 bottom and Fig. 6.6 bottom) presents a slightly bigger 
variation than the other case. The reason for this is that the distance 
between the soil bumps and depressions is sufficient to allow the 
implement to start moving in order to re-establish its equilibrium 
condition. Despite this, it is important to emphasize that although the 
difference between the depths dl and d2 in figure 6.5 (bottom) is 120 mm 
(150% of the depth dl, or 95% in relation to the original depth of the 
implement), the difference in the drainage line is only 17 mm, which is 
less than a pipe diameter in the case of a normal size implement. 
The results of the test conducted in the most adverse circumstance, i. e. 
the large soil sinusoidal wave length and amplitude, is presented in 
Table 6.1. There it is possible to observe that the variation of the 
free-link between the lowest and highest soil depth is 2°, and the 
change is slow and gradual. This means that the alteration in the height 
of the pivoted end of the beam, which is directly dependent on this 
angle, is very small and also slow and gradual. A smaller alteration in 
the angle of the free-link was observed in the other tests conducted 
over smaller sinusoidal wavelengths and amplitudes. 
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The response of the normal soil reaction force at the bottom plate of 
the implement was observed to be smaller in comparison to the other soil 
reaction forces. Being a balance force to compensate for the moment 
about the hitch-point, this force was not expected to change a great 
deal as the soil depth varied. The reason for this is explained by the 
fact that the reduction in the horizontal force, which could induce an 
increase in the normal force because of the reduction of the moment 
about the hitch-point, is always associated with reduction in the 
vertical force. This in turn reduces the moment about the hitch-point in 
the opposite direction to the horizontal force, so that the alteration 
in the normal force is relatively small. 
The results shown in Fig. 6.6 are a comparison between the data obtained 
from the experimental work carried out in the soil bin (the symbols) 
with the results obtained from the mathematical model (full line). To 
estimate the values of forces and the position of the implement, the 
length of the bin was divided into small segments equal to 0.06 m, and 
for each point the computer programme calculated the rupture distance 
ratio, the soil reaction forces, the resultant direction, the position 
of the end of the beam, the new equilibrium position and the actual 
position of the implement. The close agreement between the values 
proved that the approach adopted is entierly sufficient to adequately 
predict the dynamic performance of the implement. 
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6.2.4 Conclusions 
These experiments cover a much broder range of situations than the ones 
find in the field, where the differences in the tine working depth of 
100%, are not expected to occur, they were specially designed to help 
with the understanding of the dynamics of the implement. Inducing 
extreme conditions to study'the implement behaviour is one way of 
extracting the information necessary to delimit the influence of the 
several external factors which are present in the process of pipe 
installation. 
From the results presented here, it is possible to conclude that the 
behaviour of the trenchiess drainage implement is not only dependent on 
topography and physical conditions of the soil, but is also dependent on 
the frequency with which these conditions change during the course of 
the implement. In situations where the field irregularity is more 
constant, up to 2-3 times the beam length, once the equilibrium depth is 
achieved by the tine then if the hitch-point is kept at a constant level 
in relation to a reference plane, the implement will maintain its 
desired position of work. In case of long field irregularities, over 3 
times the beam length, (long bumps and depressions, or a permanent 
change in level), it might be necessary to correct the hitch-point level 
by a certain amount in order to maintain the implement at its desired 
position. This correction is unlikely to be equal to the difference in 
the soil level. 
The results presented in section 6.2.2 showed that the relationship 
- 138 - 
between the working depth of the implement and height of the hitch-point 
can be considered linear within the working range of 80-170 mm, where 
the relationship can be expressed by 1/1.50. This means that to obtain 
the desired grade of the drainage line the hitch-point has to be kept 
at a different grade line. 
6.3 The effect of the hitch-point movement 
6.3.1 Introduction 
Maintaining the hitch-point with reference to a design grade using the 
conventional equipment currently available for drainage work is a very 
difficult, if not impossible, task, in a field with an irregular soil 
surface. Therefore, to complete the objective of this project it is 
necessary to study the behaviour of the implement when the hitch-point 
is moving in the vertical plane following the ground as it does in the 
field. 
However, the analysis of the system would be very complex and difficult 
to do if the number of variables was not kept to a minimum during each 
of the tests conducted in an experiment. So, it was decided to carry out 
this analysis with a variable hitch-point in a soil with a flat surface, 
constant density and regular physical properties. 
The variations imposed on the hitch-point were similar to the ones used 
in the investigation of the effect of the soil profile, with step and 
sinusoidal inputs in the movement of the hitch-point. The equipment used 
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to simulate these movements is fully described in section 3.2.4. 
6.3.2 The step input 
The step movement in the hitch-point was introduced after the implement 
had achieved its equilibrium depth at the beginning of the run, and the 
distance between the steps was sufficient to allow the system to 
reachieve its equilibrium depth, or at least come very close to it. 
Since during the run, apart from eye judgement, there was no other way 
to decide if the implement was or was not in equilibrium, the minimum 
distance left between the steps was always over two beam lengths. The 
movement imposed on the hitch-point in the vertical plane was introduced 
in both directions, i. e. upwards and downwards, and had different step 
height. The velocity of the carriage was kept constant during the run, 
so the change in the hitch-point level was conducted without stopping. 
From the results of these tests (Figs. 6.7 to 6.9), it was possible to 
extract information to explain the behaviour of the implement, or to 
confirm previous results and/or hypotheses. 
First of all they confirm the damping effect of the implement when an 
instantaneous change in the hitch-point height is introduced. As 
predicted in chapter 4 from the preliminary tests conducted during 
penetration and raising of the implement, using a fixed hitch-point, the 
damping factor is likely to be large. Comparing these results with the 
ones obtained from equation 11 (chapter 5), they show a very good 
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agreement, suggesting that the approach used is valid and giving 
confidence to continue with the same analysis. 
Fig. 6.10 shows the depth response of the implement during the upwards 
or downwards movement of the implement. It is possible to observe in 
this figure that the distance necessary for the implement to 
re-establish its equilibrium position is almost the same, where the rate 
of raising seems to be bigger than the penetration at the beginning of 
the movement. However, the time for the tine to achieve 63.2% of its 
equilibrium condition, i. e. ratio equal to 0.35, is not significantly 
different from the upwards or downwards movement of the hitch-point. 
This confirms the assumption that there is no significant difference 
between the ratio of the vertical displacement/travel distance for a 
given difference in depth of work. 
In all the tests conducted by raising or lowering the hitch-point, it 
was observed that the implement reachieved a stable position, 
independent of the height of the hitch-point, and at that point the 
angle of the tine in relation to a vertical line was between 0-0.50. 
This confirms the assumption used in the development of the theoretical 
analysis, that the desired position of the plough, with its bottom 
parallel to the horizontal line, is the equilibrium position of the 
system when working above the maximum working depth. This result 
differs from the findings of Ede (1961) for the mole plough. He reported 
that there was only one true operational depth for a plough-beam 
arrangement. This may be explained by the use of a different arrangement 
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for assembling the system not including the free-link between the hitch- 
point and the pivot point of the long beam, but this is not specified 
by him. 
One important factor observed in these results (Fig. 6.7) is the angle 
of the free-link. Although the displacement of the hitch-point is 50 mm, 
i. e. 30% of the original working depth, the difference in the angle of 
the free-link is only 20. The angle changed almost instantaneously, and 
tended to stay constant during the time that the tine was re- 
establishing its equilibrium position. The difference in the direction 
of the resultant force between points a and c is the reason why the 
angle of the free-link changed, since at the equilibrium position the 
free-link and the resultant force acting on the implement have the same 
angle. This difference in the direction of the resultant force and the 
alteration in the position of the centre of resistance as the tine 
changes its working depth, is the reason why the relationship between 
the hitch-point height and depth of work of the implement not to one to 
one. This agrees with the results obtained by' Singh (1982), where 
although he assumed a linear relationship between the soil reaction 
forces and depth of work, he shows that the inclination of the resultant 
force increases slightly with depth, and its position shifts slightly 
rearwards and deeper with increasing working depth and vice-versa. 
The behaviour of the normal soil reaction force is very similar to the 
one described in the previous section as it varies with the depth of the 
tine, but does not have the peak value, even when the tine is tilted 3 
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to 4 degrees backwards as shown in Fig. 6.7. 
Figs. 6.8 and 6.9 show the results of these tests compared with the 
results predicted by the mathematical model. The model presented 
excelent agreement especially in respect to prediction of the path of 
the implement. The prediction of the force presented some over 
estimation, particularly when the implement was at the end of the run. 
This could be explained by the fact that at that point the implement was 
very close to the edge of the prepared soil, where sometimes the soil 
density differs from the rest of the packed bin. 
6.3.3 The sinusoidal movement of the hitch-point 
The sinusoidal movement of the hitch-point was selected to simulate the 
continuous movement of the tractor over a field with an uneven soil 
profile. These tests were conducted with four different paths of the 
hitch-point, which consisted of two different wavelengths, 1.75 and 3.00 
m, and two different amplitudes, 0.04 and 0.06 m, similar to the ones 
used in the study of the soil profile. During these tests the soil 
surface was levelled. Before starting the sinusoidal variation of the 
hitch-point, a short run was carried out with a fixed hitch-point, so 
that the implement could adjust itself to the equilibrium depth. Then 
the 'carriage had to stop, and the equipment necessary to simulate the 
movement of the hitch-point was connected before the run could restart. 
The results shown in Fig. 6.12 are for the long wavelength with 
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amplitudes of 0.04 and 0.06 m, top and bottom respectively. Fig. 6.13 
shows the results of the short wavelength with the same amplitude, 
0.04 m, and different height of the hitch-point in relation to soil 
surface. In these figures it is possible to observe the following: 
Although the response of the implement is in a sinusoidal form, and has 
the same wavelength as the hitch-point, it differs in amplitude and 
phase, as it is possible to observe in the Table below: 
Soil amplitude Amplitude attenuation Phase lag 
(mm) wavelength (m) wavelength (m) 
1.75 3.00 1.75 3.00 
40 0.43 (1/2.3) 0.56 (1/1.8) 600 600 
60 0.43 (1/2.3) 0.56 (1/1.8) 600 600 
The reasons for these variations in the amplitude and phase are 
explained below: 
When a system is excited by means of cyclic variation of the support, 
the response of this system is dependent on the frequency ratio (w/wn) 
and the damping ratio (c/cc), as can be observed in Fig. 6.11 (Thomson 
1973). For the particular case of the trenchless plough, which has a 
very large damping effect (the value of c/cc » 1, as mentioned in 
section 4.3.4 and discussed in section 5.2), when a harmonic movement is 
imposed to the hitch-point x=Xosinwt, where Xo is the amplitude of the 
hitch-point, the ratio between Xo and the implement amplitude Y will be 
dependent on the frequency of excitation, or in other words the 
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wavelength of the hitch-point. Since the results showed that the ratio 
X/Y (the response attenuation) is less than 1, it means that the system 
has a frequency ratio bigger than tT. 
Fig. 6.11 (top-right) shows the phase angle 0, the angular amount out of 
phase between the movement of the hitch-point and the implement depth 
response. There it is possible to observe that for frequency ratios 
bigger than 1 the out of phase angle of the implement movement in 
relation to the hitch-point movement becomes independent of the 
frequency ratio, and for damping ratio bigger than 1 its value will 
come close to 600 (see broken line Fig. 6.11). 
This means that the attenuation of the implement movement is always 
dependent on the frequency of the hitch-point, where better results are 
obtained as frequency values increase. Since the damping ratio is very 
large, there is not a critical value for the hitch-point frequency, but 
the biggest displacements of the implement will occur in case of very 
low frequency of the hitch-point (very long wavelength). The phase lag 
of the implement, in relation to the hitch-point movement, will always 
be 600 independent of the frequency of the hitch-point, as long as it is 
bigger than the natural frequency, otherwise it will tend to be in phase 
with the hitch-point. 
The response of the soil reaction forces have, as expected, a sinusoidal 
form. Since they are proportional to the depth of the implement, the 
forces response curves are in phase in relation to the path of the 
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implement (as can be observed in Figs. 6.12 and 6.13, they seem out of 
phase because the depth of the implement is plotted in a negative form). 
The magnitude of the forces, as shown in these figures, is in close 
agreement with the values estimated by the method proposed in chapter 5, 
especially in the vertical and horizontal directions. 
It is also noticeable in these figures that the normal soil reaction 
force has a smaller amplitude than the other soil reaction forces. The 
reason for this is (as explained earlier in section 6.2.3) that this 
force only exists to compensate for the balance of moment about the beam 
hitch-point, and its magnitude is dependent upon the relation between 
the horizontal and vertical force. 
Fig. 6.13 (bottom) shows that the results predicted by the theory and 
those obtained from the experimental tests do not totally agree. This is 
due to the fact that for some external reason the movement of the cam, 
which transmitted the motion to the hitch-point, did not have a 
sinusoidal displacement. This could be due either to a lack of 
lubrication, or to a error in the assembly of the system, for e. g. the 
shaft was out of centre in relation to the guide bearings, which could 
cause a slip in the cam. As can be observed in the other figures this 
did not happen, and the movement of the hitch-point was a perfect 
sinusoidal response. 
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6.3.4 Conclusions 
From the tests explained above the following conclusions can be drawn: 
a) For each position of the hitch-point, in relation to the soil 
surface, there is one equilibrium position for the implement to 
operate. 
b) The slow response of the trenchless plough to movement of the 
hitch-point, due to its damped characteristics, prevents any sudden 
movement of the tine, and smooths the path of the drainage line. 
c) The attenuation of the hitch-point movement is dependent on 
frequency ratio (w/wn), with better results obtained for larger values 
of (w/wn). In the case of a single displacement of the hitch-point, i. e. 
step input, the evidence shows that the path of the implement will be 
attenuated at a ratio of 1/1.50. 
d) It was found that the depth response of the drainage implement is 
600 out of phase in relation to the movement of the 
hitch-point, and this value is independent of the frequency ratio for 
w/wn > 1. 
e) The mathematical approach to predict the response of the implement 
in relation to the movement of the hitch-point was demonstrated to be 
reasonably accurate, being able to estimate the soil reaction forces and 
the path of the implement for all the situations tested. 
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CHAPTER 7 
CONCLUSIONS 
From the studies conducted and explained here with respect to the 
behaviour of a scale model of the trenchless plough drainage machine 
working under both restricted motion and dynamic conditions, in a soil 
bin filled with a sand loam soil, the following conclusions can be 
drawn: 
i. The initial analyses of the implement revealed that: 
a. Due to its geometric characteristics and working conditions, 
the trenchless plough cutting blade can be considered a narrow 
tine. For that the model presented by Godwin and Spoor to 
predict the forces acting on the tine face, (based on the 
assumption that the soil worked by the tine obeys the Mohr- 
Coulomb failure criterion) extended to estimate the soil 
reaction forces acting on the sides of the tine can be used to 
predict the soil reaction forces on the tine. 
b. The centre of resistance, cr, the point of action of the soil 
reaction force on the implement tine face, is dependent on the 
depth of work of the implement. However it was found that the 
' ratio between cr and depth of work can be considered constant 
and has the value of 0.88. 
c. The effect of moment of inertia on the system can be neglected 
although the equilibrium depth is a function of the system 
weight. 
d. Irregularities in the soil profile cause alteration in the 
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angle of the shear plane, and consequently in the length of the 
forward soil rupture distance ahead of the cutting blade. The 
angle of the shear plane, for different soil profiles can be 
estimated using the theory of Passive Earth Pressure proposed 
by Coulomb. 
ii. The study of the implement behaviour under dynamic situations, i. e. 
when the implement is working over an uneven soil surface, or when 
the hitch-point of the system simulates the pitch action of the 
crawler tractor, demonstrated that: 
a. The use of two pivoted points in the plough-beam system; one at 
the hitch-point and one at the end of the beam; connected 
through the free-link, enables the tine to find a desired 
equilibrium position, with its bottom parallel to the drainage 
line, for Any position of the hitch-point in relation to the 
soil surface, as long as there is sufficient downwards vertical 
force to compensate for the moment generated by the horizontal 
soil reaction force. 
b. The relationship between the height of the hitch-point and the 
equilibrium depth of the implement can be considered linear 
between the limits of the operational depth. However, since it 
was proven that is not a 1: 1 relation, the grade of the line 
described by the hitch-point will differ from the grade of the 
drainage line. 
C. In field situations where soil irregularities are in, a 
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frequency up to three beam lengths, a better grade control of 
the trenchless plough drainage machine can be obtained if the 
hitch-point of the implement can be maintained parallel to a 
desired line, without being affected by the pitch action of the 
tractor. 
d. In field situations where the soil irregularity is less 
frequent, or persists for a long distance (step inputs), the 
height of the hitch-point has to be correct in order to avoid 
the change in the grade of the drainage line, where the amount 
of correction of the hitch-point should obey the proportion 
ratio between it and the implement depth. 
e. When it is impossible to exert control over the hitch-point, 
the damping reaction of a trenchless tine will smooth the 
displacement of the hitch-point. The attenuation of implement 
depth response in relation to the hitch-point is dependent on 
the frequency of the latter, where the phase angle is constant 
for values of frequency ratio (W/am) bigger than one. 
iii. The mathematical model proposed, based on the dynamic balance of 
the forces involved in the system and on the findings explained 
above, proved to predict the dynamic behaviour of the implement 
adequately for the circumstances tested in this experime, A. 
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vi. The computer programme developed to simulate the dynamic response 
of the implement (based on the mathematical model), can be a useful 
tool in the development of further improvements in the trenchless 
plough drainage machines, where several parameters can be easily 
tried and quickly evaluated in order to optimize its performance. 
Although it does not eliminate the need for the field test, it 
could simplify and minimize the number of tests required. 
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CHAPTER 8 
SUGGESTIONS FOR FURTHER WORK 
The dynamic behaviour of the trenchless plough drainage implement, 
although it has been clarified to a certain extend and the soil and 
tractor action on it explained, the problems involved in its performance 
are still far from being solved. 
As revealed by the results obtained in this study, the influence of the 
soil irregularity in the path of the implement is very small, specially 
in fields with constant soil profile variation. In this case a better 
grade control can be obtained when the hitch-point of the system is 
maintained at constant level in relation to a reference plane. In 
certain cases where the field irregularity persists for long, then 
correction in the hitch-point height might be necessary. Due to the fact 
that there is not a 1: 1 ratio between the depth of work and hitch-point 
height, the necessary amount of correction in the level of the 
hitch-point is not equal to the difference in the level of the soil 
profile. 
In the light of these facts the following suggestions for further work 
are made, with the hope that a better grade control system for the 
drainage plough implement can be obtained in the future. 
i. The commercially available linkage systems for the trenchless 
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plough should be studied, and the problems involved in its 
performance identified. This analysis will probably reveal the 
difficulties that exist in controlling the path of the 
hitch-point in reference to a desired level. 
ii. a) The analysis for the trenchless plough conducted for the long 
floating beam arrangement with a real hitch-point should be 
extended and verified to include the virtual hitch-point and 
complex linkage cases. 
b) With the results obtained from this linkage investigation, and 
using the mathematical model developed here for the real 
hitch-point and/or an extended model for the virtual hitch-point, 
it would be possible then to investigate the possibility of 
improvement in the linkage system and find a way to provide 
control over the hitch-point height in relation to a reference 
level. 
iii. To compensate for the pitch motion of the power unit with regard 
to the implement when crossing uneven soil surfaces, it will be 
necessary to develop a control unit capable of sensing the soil 
profile ahead of the implement and conduct some calculations 
before sending the right information to the unit responsible for 
adjusting the hitch-point level. It will be essential that all 
the adjusting operations are done as a preventive method, i. e. to 
keep the implement at its desired level. This will considerably 
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improve the actual grade control method, which is currently only 
capable of correcting the path of the implement after it has 
already moved out of the desired drainage line. 
iv. The difference in soil shear strength during the course of the 
implement shows very little effect on the implement behaviour, in 
the tests conducted here. This may be due to the fact that this 
small scale model of the trenchless plough does not have 
sufficient weight to overcome the bearing capacity of the soil. 
Therefore, further tests should be conducted with bigger models 
in order to check if these findings are still valid for a full 
scale model of the trenchless plough. 
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Table 4.1 











198.0 888.41 23.75 161.2 0.814 
196.8 889.13 24.95 172.6 0.876 
194.7 843.10 24.30 165.4 0.849 
191.0 831.20 26.29 167.5 0.877 
188.1 808.25 24.01 155.2 0.824 
186.2 843.30 25.45 160.9 0.864 
183.7 742.89 24.76 164.2 0.893 
183.2 826.31 24.06 156.7 0.855 
180.8 726.03 24.56 155.9 0.862 
180.4 701.26 24.24 160.3 0.888 
180.0 805.75 25.45 160.9 0.863 
177.7 789.29 26.58 166.3 0.920 
176.9 777.16 23.86 152.3 0.860 
177.3 769.72 23.54 146.7 0.827 
173.2 840.72 25.16 147.9 0.853 
171.8 840.01 24.79 145.3 0.853 
170.5 769.92 23.97 155.1 0.886 
169.2 664.97 24.42 163.7 0.967 
167.7 667.58 23.98 157.3 0.937 
166.2 693.62 26.18 142.5 0.864 
164.4 548.03 27.97 147.3 0.896 
164.1 689.90 24.12 147.2 0.896 
163.0 673.26 27.61 129.1 0.791 
158.1 633.91 27.06 140.5 0.888 
157.8 566.20 26.85 139.7 0.885 
156.9 580.73 27.77 143.9 0.917 
154.5 525.87 23.35 141.0 0.919 
150.8 602.06 27.79 130.7 0.866 
150.0 489.64 28.03 132.4 0.851 
149.1 585.51 26.87 132.7 0.889 
147.7 595.51 27.25 126.6 0.857 
147.1 608.41 26.39 134.1 0.893 
146.9 585.51 26.70 131.8 0.897 
144.7 592.18 26.37 130.5 0.962 
141.7 573.25 28.17 130.4 0.919 
140.9 491.47 26.71 127.1 0.900 
138.8 514.11 26.02 120.3 0.860 
sample meam = 0.877 
standard deviation = 0.0353 
variance = 0.0012 
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TABLE 4.2 
Angle of inclination and depth of the implement during penetration and 
raising 



















87.4 5.35 -- 104.8 5.63 -- 169.6 -5.47 -- 97.9 4.26 0.796 103.2 5.27 0.936 156.9 -4.08 0.746 
107.1 4.17 0.779 112.6 4.17 0.741 138.9 -3.65 0.667 
102.2 3.24 0.606 112.1 4.08 0.725 139.5 -3.67 0.671 
102.9 3.13 0.585 120.4 3.40 0.604 126.8 -2.80 0.512 
110.2 2.40 0.449 124.8 2.93 0.520 132.2 -3.10 0.567 
108.7 2.28 0.426 124.8 2.70 0.480 119.9 -2.29 0.419 
112.3 1.95 0.364 125.7 2.36 0.419 124.1 -2.47 0.452 
116.7 1.61 0.301 138.6 1.61 0.286 117.9 -2.15 0.393 
118.8 1.38 0.258 134.1 2.06 0.366 111.0 -1.72 0.314 
114.9 1.51 0.282 136.3 1.35 0.240 109.9 -1.72 0.314 
120.6 1.11 0.207 140.5 0.97 0.172 110.9 -1.70 0.311 
122.5 1.02 0.191 140.7 0.85 0.151 106.4 -1.54 0.282 
123.3 0.95 0.178 139.7 1.05 0.187 102.6 -1.28 0.234 
125.2 0.66 0.123 143.8 0.70 0.124 95.4 -0.81 0.148 
128.3 1.41 0.077 140.0 0.99 0.176 98.7 -0.94 0.072 
130.8 0.15 0.028 148.0 0.41 0.073 102.0 -1.11 0.203 
125.2 0.46 0.086 140.9 0.82 0.146 93.7 -0.70 0.128 
123.8 0.53 0.099 150.2 -0.14 0.025 88.7 -0.35 0.064 130.6 0.07 0.013 141.5 0.65 0.115 96.1 -0.72 0.132 
126.1 0.31 0.058 151.0 -0.04 0.007 91.3 -0.47 0.086 128.0 0.13 0.024 146.6 0.29 0.052 91.5 -0.33 0.060 
128.3 0.10 0.019 147.6 0.22 0.039 91.8 -0.35 0.064 
124.5 0.37 0.069 152.6 -0.13 0.023 91.0 -0.34 0.062 130.0 0.03 0.006 150.4 -0.02 0.004 89.3 -0.33 0.060 128.9 0.08 0.015 146.7 0.22 0.039 91.4 -0.41 0.075 
129.8 -0.05 0.009 147.8 0.05 0.009 86.2 -0.13 0.024 129.8 -0.02 0.000 147.7 -0.06 0.011 86.9 -0.01 0.002 
Note: (-) the implement is turned backwards 
(+) the implement is turned forw ards 
- 169 - 
TABLE 4.3 




























103.2 6.90 -- 97.2 5.78 -- 83.7 6.04 -- 100.1 6.65 0.96 92.4 4.60 0.88 97.6 4.74 0.78 
118.7 5.16 0.77 109.9 4.14 0.72 99.1 4.58 0.76 
118.6 4.50 0.67 114.2 3.82 0.66 104.3 40.8 0.68 
121.5 4.16 0.62 118.9 3.40 0.59 107.2 3.78 0.63 
132.0 3.12 0.47 122.9 3.02 0.52 109.9 3.48 0.58 
130.4 3.30 0.50 122.7 2.89 0.50 111.9 2.83 0.47 
136.2 2.50 0.38 127.1 2.49 0.43 116.5 2.43 0.40 
138.5 2.26 0.34 130.4 2.19 0.38 114.2 2.58 0.43 
141.1 1.91 0.29 129.2 2.08 0.36 120.6 2.13 0.35 
143.8 1.68 0.25 134.1 1.88 0.33 123.1 1.95 0.32 
144.8 1.41 0.21 133.7 1.52 0.26 123.1 1.95 0.32 
149.4 1.25 0.19 132.0 1.79 0.31 121.0 2.02 0.33 
149.6 0.99 0.15 138.1 1.05 0.18 125.7 1.80 0.30 
150.1 0.78 0.12 132.3 1.38 0.24 127.7 1.52 0.25 
151.1 0.67 0.15 141.1 0.65 0.11 125.5 1.68 0.28 
148.9 0.73 0.11 136.7 0.93 0.16 131.3 1.11 0.18 
155.8 0.09 0.01 137.4 0.86 0.15 123.9 1.61 0.27 
153.0 0.23 0.03 136.4 0.90 0.16 130.7 1.08 0.18 
148.0 0.56 0.08 137.3 0.72 0.12 132.3 0.93 0.15 
158.2 -0.10 -0.02 135.3 0.88 0.15 131.9 0.99 0.16 155.7 0.21 0.03 137.6 0.71 0.12 132.9 0.88 0.15 
159.0 0.05 0.01 135.7 0.68 0.12 130.8 1.05 0.17 
159.3 0.23 0.03 138.7 0.49 0.08 132.1 0.88 0.14 
136.6 0.77 0.13 136.5 0.51 0.08 
137.2 0.66 0.11 132.9 0.82 0.13 
138.7 0.61 0.12 135.4 0.57 0.09 
137.5 0.61 0.11 132.6 0.75 0.12 
136.8 0.69 0.12 135.3 0.70 0.08 
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TABLE 6.1 
Time response for the implement to reachieve its equilibrium position when 
the hitch-point is moved. 
Raising Predicted Experimental 
displacement Depth ratio Depth ratio 
m mm (d-de)/(do-de) mm (d-de)/(do-de) 
0.0 176.8 1.00 180.1 1.00 
0.1 167.3 0.80 --- --- 0.2 159.7 0.64 --- 0.3 153.5 0.51 --- --- 0.4 148.6 0.41 158.7 0.53 
0.5 144.6 0.33 --- --- 0.6 141.4 0.26 --- --- 0.7 138.9 0.21 --- --- 0.8 136.8 0.16 144.8 0.20 
0.9 135.2 0.13 --- --- 1.0 133.8 0.10 --- --- 1.1 132.8 0.08 --- --- 1.2 132.0 0.06 137.1 0.05 
1.3 131.3 0.05 --- --- 1.4 130.7 0.04 --- --- 1.5 130.3 0.02 --- --- 1.6 130.0 0.02 135.7 0.02 
Penetration Predicted Experimental 
displacement Depth ratio Depth ratio 
INxn nrn (d-de)/(do-de) rin (d-de)/(do-de) 
0.0 129.0 1.00 133.3 1.00 
0.1 138.0 0.81 --- --- 0.2 145.6 0.65 --- --- 0.3 151.7 0.53 --- --- 0.4 156.5 0.42 156.8 0.45 
0.5 160.5 0.34 --- --- 0.6 163.6 0.27 --- --- 0.7 166.2 0.21 --- --- 0.8 168.2 0.17 164.7 0.26 
0.9 169.9 0.13 --- --- 1.0 171.2 0.11 --- --- 1.1 172.3 0.08 --- --- 1.2 173.1 0.07 172.8 0.07 
1.3 173.8 0.05 --- --- 1.4 174.4 0.04 --- --- 1.5 174.9 0.03 --- --- 1.6 175.2 0.02 173.8 0.05 
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APPENDIX 1 
Detailed drawings of the equipment designed for the study 
1. The trenchless plough D. 1 
2. The hitch-point movement simulator D. 2 
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APPENDIX 2 




Modulus of elasticity 
Design requirement 
if Nickel Chromium 
Molybdenum Steel 
55/65 T. S. I 
44 T. S. I 
2.1 x 105 N/mm2 
Estimated maximum applied moment 




90 KN mm 
600 N (uniform load) 
K=2.5 
Allowable tension Cal = 44 T. S. I. = 600 N/mm2 
Maximum tension Gmax = al/K = 240 N/mm2 
Ib -I 
at the weakest point 
yb= 10 mm; h= 15 mm; y=7.5 mm 
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APPENDIX 2 




Modulus of elasticity 
Design requirement 




2.1 x 105 N/mm2 
Estimated maximum applied moment 
Estimated maximum applied force 
Safety factor 
Design details 
90 KN mm 
600 N (uniform load) 
K=2.5 
a) Tension 
Allowable tension Cal = 600 N/mm2 
Maximum tension Qmax =oral /K = 240 N/mm2 
at the weakest point 
T- 
---"-'yb= 10 mm; h= 15 mm; y=7.5 mm 
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vl =P L3 (uniform load) 
8EI 
vl = 0.43 mm 
i 
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APPENDIX 3 
Details of the Strain Gauge Bridge Network 
The strain gauges were wired in three four arm bridge network, one for 
each of the two forces, Fx and Fy, and one for the moment Mz, as shown 
in Fig. A3.1. 
The strain gauges in each bridge have the same physical characteristics 
and their position were determined in order to give the maximum 
sensitivity and less interference from the other circuits. 
Considering a simplified section of the "L-shaped" transducer, Fig. 
A3.1, the analysis of the effect of the forces and their position on the 















Since the strain gauges have the same resistance (Ro), force Fl causes 
deformation of the strain gauge 
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Si = Ro + aR; S2=Ro+t R; S3=Ro-yAR; S4 = Ro - AR 
where the voltage meter is 
AV R1. R3 - (R2. R4) (A3.1) 
Vo - R1+R4 R2+R3 
aV_2Ro R 1- AR (19) (A3.2) 
Vo 4Ro - 2Ro 
The bridge constant K is given by: 
K_ oV Vo 
_2 
(1 p) (A3.3) 
R/Ro - 
and 
4OV K GF E (A3.4) 
where 
Vo =. -C 
EPLt and Ib t3 
EI2- 12 
AV 2(l -, u GF Fl Lt (A3.5) Vo 42Ebt 
123 
Since L-a=1 and U= a/L substituting then in the equation A3.5 
Av3 GF F1 1 (A3.6) 
To=-Ebt2 
Therefore, the circuit is sensitive to any force in the Fl direction 
(K 0 0) and it is independent of its position. 
The draught force F2 would affects the strain gauges uniformly given: 
Si = S2 = S3 = S4 = Ro -dR, thus given zero M V/Vo output. Consequently 
the bridge is insensitive to forces in that direction. 
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The moment M will provide 
Si =S2=Ro+dR; S3=S4=Ro-AR so, 
AV 
- 
(Ro2 -L4 R2) - (Ro2) -0 
(A3.7) 
V- o--4 RA 
Therefore, the circuit is not sensitive to the moment M. 
The same analusis is valid for the second bridge circuit (strain gauges 
5,6,7 and 8), which is sensitive only to the force Fy and not to Fx or 
any couple genereted by its eccentricity. 
The third bridge, formed by the strain gauges 9,10,11 and 12, where the 
strain gauges 11 and 12 are dummy, is proportional to the sum of each 
acting strain gauge output, for moments arising from applied eccentric 
loads. 
Fx and Fy eccentric give S9 = Ro +AR; S10 = Ro -6R; S11 = S12 = Ro 
AV 
-_ 
(Ro +, d R) Ro - (Ro -ýR) Ro R (A3.8) 
Vo o1 o- 2Ro 
KA V/Vo 2 (A3.9) 
Rö 
from equation A3.4 
V1 GF E1 GF FL1 GF M (A3.10) 
7 10-2 12 Ebt2 - 12 Ebtx 
Therefore, the bridge is sensitive to any eccentric force and the output 
is proportional to the eccentricity L. 
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APPENDIX 4 
DETERMINATION OF THE INSTRUMENTS CHARACTERISTICS 
A4.1 Introduction 
The transducers used in the experimental work during this project had to 
be calibrated to determine their response to different loading systems. 
In order to minimize the error during the calibration, the strain gauge 
amplifiers were not used. A9 volts stabilized D. C. was used as a source 
of energy for the bridge and the output signal recorded using a high 
precision digital voltmeter. 
Static load was applied in increments at different positions within the 
working range dependent upon which the transducer bridge was being 
calibrated. 
A4.2 The extended octagonal ring transducer. 
Details of construction of the extended octagonal ring transducer, (Fig 
A4.1) are given by Godwin (1975), therefore only the calibration 
characteristics are presented here. 
A4.2.1 Fx bridge 
Table A4.1 and Fig. 'A4.2 show the results of the transducer submitted to 
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a horizontal load where the following can be observed: 
i. Linear response with coefficient of regression analysis of 
2 
r=0.9983. 
H. The hysteresis effect on the output; due to difference in the 
characteristics of the transducer material and strain gauge, and 
the bonding material, was found to be a maximum deviation of: 
± 10.11 - 9.99 x 100% = 0.60% 10.11 + 9.99 
iii. The maximum error between the output due to application of load 
at different position was no greater than 2.9%. 
A4.2.2 Fy bridge 
The results of load application in the vertical direction are presented 
in Table A4.2 and Fig. A4.1, where the following can be observed: 
i. Linear response with coefficient of regression analysis of 
r2 = 0.99998. 
ii. The hysteresis effect on the output results was found to be the 
maximum value of: ± 7.58 - 7.53 x 100% = 0.33% 7.58 + 7.53 
A4.2.3 Mz bridge 
The results for the Mz bridge for load in the horizontal direction are 
shown in Table A4.1 and Fig. A4.4, and in Table A4.2 for load in the 
vertical direction, where the following can be observed: 


































hor-i zont al load 
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FIG. A4.1 Calibration of the extended octagonal ring transducer. Fx 
bridge (top) and Fy bridge (bottom) 
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i. Linear response with coefficient of regression analysis of 
r2 = 0.9998. 
ii. The response proved to be independent of the origin of the 
eccentricity of the force. 
iii. The hysteresis effect on the output result was found to be the 
maximum value of: ± 17.81 - 17.66 x 100% = 0.42% 17.81 + 17.66 
A4.2.4 Cross sensitivity 
Cross sensitivity is the determination of the percentage of output sensed 
in one bridge due to load in the other bridge. The results presented below 
show that the cross sensitivity was less then 1.85% at the load of 784 N. 
These figures would be more accurate with forces lower than 784 N. 
Fx Fy 
Fx 12.96 0.28 
Fy 0.17 15.14 
% of cross sensitivity of Fx in Fy = 1.85% 
% of cross sensitivity of Fy in FX = 1.31% 
A4.3 The °L-Shaped" tine transducer 
A4.3.1 Introduction 
A similar procedure, as described above for the calibration of the 
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extended octagonal ring transducer, was used in the calibration of the 
trenchless tine "L-shaped" transducer. 
A4.3.2 Fy bridge 
Table A4.3 and Fig. A4.3 show the results of the trenchless tine submitted 
to a vertical load at a different position from the centre of the 
transducer, where the following was possible to be observed: 
i. Linear response with a coefficient of regression analysis of 
r2 = 0.99988. 
ii. The hysteresis effect on the output result was found to be the 
maximum value of: ± 5.92 - 5.84 x 100% = 0.68% 5.98 + 5.84 
iii. The error between the output of the response for the load 
position of lx = 75 mm was no greater than 1.3% at 392.4 N. 
A4.3.3 Fx bridge 
Table A4.4 and Fig. A4.3 show the results of load application in the 
horizontal direction, where the following was possible to be observed: 
i. Linear response with a coefficient of regression analysis of 
r2 = 0.9998 
ii. The hysteresis effect on the output result was found to be the 
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FIG. A4.3 Calibration of the tine transducer. Fx bridge (top) and Fy 
bridge (bottom) 
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FIG. A4.4 Calibration of the tine transducer Mz bridge 
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maximum value of: + 4.84 - 4.82 x 100% = 0.21% 4.84 + 4.82 
A4.3.4 Mz bridge 
Tables A4.3, A4.4 and Fig. A4.4 show the results of eccentric load 
application in the horizontal and vertical directions, where the 
following was possible to be observed: 
i. Linear response, with a coefficient of regression analysis of 
r2 = 0.9992 
ii. The response proved to be independent of the origin of the 
eccentricity of the force. 
iii. The hysteresis effect on the output result was found to be the 
maximum value of: ± 13.63 - 13.73 x 100% = 0.42% 13.63 + 13.73 
A4.3.5 Cross sensitivity 
The cross sensitivity resulting from force channel Fx, Table A4.4 and 
from force channel Fy, Table A4.3 at load of 490.5 N gives the 
following results: 
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Fx Fy 
Fx 9.48 0.18 
Fy 0.07 8.19 
% of cross sensitivity of Fy in Fx = 0.74% 
% of cross sensitivity of Fx in Fy = 2.20% 
I 
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APPENDIX 5 
Theory of Narrow Tines 
Godwin and Spoor (1977) developed a force prediction model for tines of 
a wide range of working depth/width ratio. The model is based upon 
Mohr-Coulomb soil mechanics. 
The authors identified two failure mechanisms: 
i) an upper failure zone where the displaced soil has forward and upward 
components, termed crescent failure. 
ii) a lower failure zone where the displaced soil has components both in 
the direction of travel and sideways, termed lateral failure. 
The force prediction equation in the crescent failure is based on the 
fundamental soil equation to estimate the forces in front of the wide 
cutting blades, given by Hettiaratchi et al (1966). The model was later 
modified by Godwin et al (1984), where the following equation was given: 
H= (X. dc2. Ny + c. dc. Nc + q. dc. Nq) Ew + dc (m - }(m - 1))] 
sin (oc+ 6) + ca. w. dc (Na sin (oc+ S) + cos oc) (A5.1) 
which could be extended to the vertical direction 
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V= (t. dc2. Ny + c. dc. Nc + q. dc. Nq) Ew + dc (m - J(m - 1))] 
cos (oC+ä) - ca. w. dc (Na cos (x+ S) - sin oc) (A5.2) 
The N factors in each of the terms are dimensionless numbers and whose 
magnitudes are dependent upon the magnitude of A. .0 and 
S. Their 
values can be determined using the graphic given by Hettiaratchi et al 










is N factor for a friction angle of S° 
NS 
_0 
is N factor for a friction angle of 00 
NS 
=f 
is N factor for a friction angle of . 0° 
and applies for N 3., Nc, Na and Nq above. 
For the force prediction model in the lateral failure zone the model was 
developed based on the Meyerhof (1951) technique to calculate the 
resultant force acting on a footing orientated at 900 to the normally 
accepted direction of application. 
Therefore the following equation was given by Godwin and Spoor (1977) to 
estimate the forces in the lower zone, between the limits of the 
critical depth and the total working depth. 
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Q=wc NO (d - dc) + 0.5 Ko Yw Nq' (d2 - dc2) (A5.4) 
Where the values of Nc' and Nq' can be determined from the equations 
below, Meyerhof (1951), or from graphic presented (Godwin 1974). 
% 
. 6) Nc' = cot 1(1 + sin , d) e 
26 tan (A5.6) 
rt - sin 0' sin (2n 
TOT) 
Nql =1+ sin e20 
tan 0 (A5.7) 
sin sin 2q + 0) 
Where q, and0 are defined in Fig. A5.1 
So, the total horizontal force component of the soil reaction on the 
face of the tine is give by: 
HT=H+Q (A5.8) 
Where H Is given by equation A5.1 and Q by equation (A5.5). The 
vertical force component is evaluated from equation (A5.2). 



















FIG. A5.1 Lateral soil failure mechanism (Godwin and Spoor, 1977) 
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FIG. A5.2 The relationship between the dimensionless factors Nq' and 
Nc' 
arid the angle of internal shearing resistance 
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APPENDIX 6 
THE COMPUTER PROGRAMME 
The programme presented below was written to calculate the soil reaction 
forces and the path of the trenchless drainage implement. 
DIMENS3ON GTl1OO). F(10o), DEO(, 100). SURFACE(10o) 
REAL NY, NC, NQ, NA. NCI, NQI, M, NI. NF. N 




COMMON/TASC/ AR(100), VL(100) 
COMMON/VASP/DEPTH(I0O), DCRIT(100), DP(100). DC(1001 
COMMON/GOST/S(100), ST(100), SP(100), DREF(100) 
cAAJtxxxRead soil characteristics 
cN dfmgnsionless numbers QS surcharge 
cC cohesion FT angle of shearing resistente 
c CA adhesion DEL angle of soil interface frictibi 
cY bulk density 
c KO ratio of ? gor. izontai to vertical. strees on the soil of rest 
READ(5, l NY, WC, NQ, NA. NC], NQI 
READ (S, x) Y. C, CA, QS, DEL, FZ 
KO: (1-SIND(FI)) 
c ARead implement- characteristics 
c ALF rake angle H rupture distance ratio 
c W width of the tine WT weight of the system 
c HI bight of the hitch point PL hight of the tine 
c FL length of the link L bottom length 
c DH1 Increment In HI 
c LV horizontal distance between the PP to the tine tip 
c HL distance between the horizo ntal reaction line and the PP 
c 0 distance between the PP to the GC 
READ (S. 4) ALP, M, U, wr, H1. DH1 
READ (5, x) L, L1, LV, L3, PL, FL 










RL traºveleught AMP wave ampLMud 
SL length of the run STY step Input height 
5I5 step location 
L (5. *) `L. AMP. $L, STP, SIä 
IF ". M. 0-0) Gm 5 
WaItE(6,100) TAL, Ar1P 
GOTO 15 
WRITS[6.102) 
BRITE( 6.1051 33Y. NC, PQ, NA, NC1. UQ1 
'WRITE(6,370) C, CA, Q, 7 
CA""ARead hitch-point, movement tharacteristc$ 
HUL wavelenght HAIS wave amplituäe 
C SPT step 1np'at SIL iniclal plateau. cr poaition of the Ote 
c 
READ (5. *) HWL, 73M', SIL. 9TP 
IF (AMP. EQ. o. ) GOTO 75 
WRITE(6,1001 Wr,. A3 
25 IF CSTP. EQ. O. ) GOTO 36 
'1JRITE (6,107) STp 
e_ At**** Ca1eulatioa. 4 
cA& i i#ºFirat depth 
I=1 oCI)=o. 00 
XP(I)=o. 1 
52 MCCI) IMP ti) 
=FACE(1)40.15 
F11)=W'DC(I) 
)L (PL-DE'( I)A0.10) 
W(I)VM 
CALL TO$CE1 (Y. C:. QS, NC, AY. NQ, I. W, M. AI. F, t L, N)L. CA. NQ1, NC1) 
CALL FORC 2 (W, C, lgCI. KO, YJMI , I., C1, AL', DEL,, I. LV, L3.3iL FL. i$) IBT'EST=Sflc1 CT(I))AFL+CFL-IP(I) 1 
IF( MS(H1-HTEST). LE. 0.0001) GOTO 61 
53 DP(Z)=DP(11-(kl-14TEST) 
GO'L 52 
61 MITI(I)_Ilp CI) 
DCRIT(I)wW(I) 
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C* Hitch-point position 
65 T=1+1 




H1=HO+SEN((SCI)+SZL), HNL, HAMP) 
DREF(I) =DQEF(I-1r)+DCOR 
DP (II-Di2EF(I J 
PC (i) =CR[T(DP(T)) 
DEPTH (I) =DP (I ) 
C*** tk. kEstiwwtion of M 
IF (AMP. NE. O. p) GOTO 79 
WINT=0.0 
WEND--WL 
19 CALL FATLURE (I, WL, AMP, Y, C, MI, FI, ALF, DEL, LI, WTNT, WEND, SIS, STP) 
MS (t) =Ml 




t**AAMain forces deteYmination 
CALL F'ORCE1 (Y, c1QS, NC, NY, NQ, I, W, M1, ALr, DEL1CA. NA, NQI, KC1) 
CALL FORCE2 (W, C, NCl, KO, Y, 7YQ1, L, CA. ALr, DEL, I. LV, L3, HL, PL, WT) 
H2=H1-SIND(T(I))*FL 
DEQ(I)=PL-H2 
DCOK-DEg( t) +(DREF(f)-DEq(t) )ýöXP1-(s(1)-S(I-l)) /LV)-DREFO) 
4T (I) =ATANDGI DEQ(X )- bkEP (I)) /LV) 
IF(S(I). LE. SL) COTO 65 
c* AA iAAReSults output 
85 WRITE (6,440) 
DO 10 J=1, I 
Kty)=-N(J) 
'C(I) a-T(I) 
DREFC J ): "DRUF(J) %l0O 
WRITE (6,, 6) SCJ), SL, T, DCi3) DP(J) 
WR1T(, 6o0) HT(1), N(J), VT(J), DREF(J), HTI, GT(J) 
IRITEC6,4501 HT(J), N(7), VTCJ), T(1), DREF(J), ST(J), GT(J) 
ýº , F(J) MTCJ) , S(J), SURFACE(J) 10 CONTINUE 
WRITE(6,460) 
cA"AA*&F'o rw&i 
100 FORMAT(II, 2X, 'Sp1] profiles ', 2x, 'wavelengkh=''f6.3, ' 
'wave a*plItude=' , f5.2, ' cxº' ) Z0% FOPJ4, T(//, 2x, 'JrJ 
.t Suitf? ACK') 
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305 PDWT(/. 2X. 'NY=', F6.3.3X, 'NCB'. PÖ-3ý3X, 'NQ=', F6.3,3X, 'NA=' 
* . F6.3,5X, 'NCI* '. F5. L, 3X, 'NQ1= ', F5.1) 234 FORMAT (2X, 'DP3' , F7.3. ' m', 3x, 'dcrit=', f7.3, ' W) 300 FORMAT(/, 2X, 'PG=', F6.3, ' cn', 2X, 'H1=', F6.3. ' cm') 
370 TX MAT(/ . 2X, ' COfESION3' , F8 .Z, ' b1/m2'. 2X, ' ADHESION=' , F5.3, ' N/lag A . 3x, 'SURCHARGE=', F4.2, ' N/m2', 4X, 'HULK DENSITY=' . F10.3, ' N/Dn3' ) 400 FORM1X(/, 3X, 6F10.3 . F13.6 ) 4 20 FORMAT(/, 3X. 5F10.3) 
430 FORMAT(//2X, 'CRESCENT FAILURE', F7.3) 
440 FORMAT(//, BX. ')T'. 9X, 'N', BX, 'VT', 8X, 'ALFA'. 6X,. 'D£PTH', 8X. ' ST 
A . 6X, 'TETA'. 8x, 'F', 9x, 'M', 8x, 'MST', 3x, 'SURFACE') 
4S0 FORMAT(/, 3X, 4F10.3,2F12.5, SF10.3) 
460 FORMAT(/, 3X, 'SUCCE3SFUL') 
Soo FQRMAT t 3ZSº, 6F12.4 ) 
STOP 
END 
FUNCTION SEN (X. Y . AMP P=4"ATRN(1. ) 
SEN--AMPASIli( 2APAX/Y) 
AND 
FUNCTION CßSE(A, B, AHP) 
P-4'AT'AW(l. ) 
COSfi=-AMPACOS(2AP#iA/B) 
FUNCTION CRIT CDP) 
CRIT=I-8)*DP*A3+0.6*DP*A2+0.9*0? 
SUB$AOTINE FORCEI CY, C, QS, NC, NY, NQ, J, W. M, ALF, DEL, CA, NA, NQI, NC1) 
COMWN/CRXC/HT(100), Vr(100 ) 
COMMON IVASPI'L)EPIH(100), DCRIT(100), DF(100), DC(100) 
REAL NY, NC, NQ, NA, NQ1, NC1, M 
SS=(YADC(J)A&2ANY+C*DC(J)ANC+QSADC(J)ANQ)h 
h (1 tDC(J) A (14-1/3. A (M-1) )) 
HT(J) =SSASINIIC"+DEL)+(C) W*DC(J)A(NAASIND(ALF+DEL)+COSD(AT. F) l 
VT(J) ÄS5*COSD(2LLF4D'EL)-(Ci WkDC(J)+k(NI CO$DCALF+IEL) -SIND(AUF) ), RETURN 
END 
SUBROUTINE FORCE2 (W, C, NC1KO, Y, NQI, L, C, A, ALF, DFZ, J, LV, L3, HL 
* , PL , WT) CQMMON/CRAG/NT(100), VTtioo) 
CO ON(i ART/N(100), T(100) 
CbMM1091%131'/73WM(200) , DCRIT(200) , DP(200) , DC(100) REAL KO, L, I, V, L3, FQ1, NC1, N 
VL=(LV+DP(J)*0.10) 
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Qz(KACiJCl*(DP(J)-tC(J))+D. 5 OskWýYýNQI IDPIJ)/kl-DC (T) ikA-21 
Fs=cCAMDP J)A(2-kL-M2(J)kCOTDWALF), +TAND(DEL)*KO*Yk 
* CL*DP(J)**2-COTD(bI. F)A1/3. *DF(J)AA3)) 
N(J)ý(VTIJ3AVL+WT*L3- (HT(J)+Q)*iit+FS*tPL-I/4tDF(M )/ 
(1 AND (CEL) /PL+LV+L /2. ) 




TC3, Xr)NDC CWT-tVT(7)) /I3T(J)) 
BETUEN 
[c*-%. *1**bSubraetine to calculate the value of. M mount's FAIL tI, iJI, AMP, Y, C, MI, FI, AT, F, DFT., LZ, i11N1 i ND, sIS, STP 





IF(ST(I). GE. WIIVT) GOTO 1 
Awl=0.0 
1, SP(I)=SEN((ST(I)-WINT), WL, Atp1) 
2 MP (U =DFW (1) +5T c 1) 
DCcI)* RITCD'P(I)) 
IF (AMP. EQ. 0.0) GOTO 15 
SO=BT(l)-(I '(I) DC(I) ) 
S2=L 
3 IFf (5TfI)-Sý). i. E. W1NT) AIt'2=0 
GS=äF TI (ST(I)-ý2- 4INT! , Ht.,. P 1P2)+11)P(I)-SPCI) ) GD'TANDIALF+IHC)*2 
IF (A$SW5-fäD) . LE. 0.0001) GOTO 5 S2=s2+gS-GD 
GOTO 3 
SV2=(STM -S2) 
1D1 =TM (. LF+INC)*. 92**2/2 
GSI=. MP*WL/ (ZAP) *(-COSE(CSO-WINT) . WL, A)PI)+COSE( (SV2-WLNT) , ýR. WL, AMP2))+MC(I)-SP(I) ). kz2 
ä1=GSI-CDI 
SFB=So 
IF(SO. LE. RINT) AMP1=o. 0 
IFCSO. GT. ww) 2mi=o. 0 
15 BE1 50. O+FI/2. 
DO 11 J=1,50 
}ý; TA=BFsh-1. 
IF CMIP. EQ. 0.0) GOIU 25 
6'J =AM1' 
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IF(SF. LE. WtNT) GOTO 7 
IF t9F. LE. WEND) 6010 $ 
7 ANP3=0.0 
8 GD=TAND(BETA)iABSCSF-S0) 
GS=SEN((SF-WIAJT) . WL, AMP3)+(DCIS)-SP(X) ) 
TF(ABS(GS-GD). LE. 0.00091 CO70 10 
9 SF: (SF+(GS-GD) I 
(g0T0 6 
1.0 GD't-TANDCBETA) I(SF SO)xv'2/2 
















CLODC (I 1 /SIND(BETA) 
GOT0 40 
, so CP=SF-S7S 




DPF'IOP 11) +STP 
DP2=1)PFXPSAsDP CI) *(1-PSA ) 
DC2=CRIT(DP2) 
AT. =(P1fF2)Arx(7)/2. +O+cP)xSTP/2 
SF=S F+(B-CP) 
, 40 
HI=YKATtCxCtx fS1NDCÖErAI*COSD(BETA)*(CC3D(BETA+FT)/SINDCOE? A+FI') )) 
/t(COSD(BLTA+FZ)/SIND(BETA+Ft))+('1/TAND(ALF+DEL)I) 
TF(HMIN. LT. NT) GOT0 11 
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DP(I)=DP2F 
M1=(FF-SV2F)/Iic(I) 
WRITE (6, k) ß(I), SFF, VPCI), DC(I), I 
VEPTHCI)*EP(I) 
DCRIT (I) -DC U) 
EMD 
